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ABSTRACT 
Transition metal mediated [2 + 2 + 2] cyclizations have been well researched over 
the past several years. As a well-developed methodology, [2 + 2 + 2] chemistry has been 
employed as a major pathway to various carbo- and heterocyclic synthetic targets. 
Numerous transition metals have been applied as catalysts for these cyclizations. 
Previous work in our group developed cobalt(I) catalyzed inter- and intramolecular [2 + 2 
+ 2] cyclizations of two alkynes and a nitrile, leading to the preparation of tetrahydro-
naphthyridines. Pyridazines could be generated if the cyclization could be accomplished 
with two nitriles and an alkyne, which would be a novel way to synthesize 1,2-diazines 
through the formation of the N-N bond. To this end, metal-catalyzed intramolecular [2 + 
2 + 2] cyclizations between an alkyne and two nitriles were investigated. The 
intramolecular nature of the reaction provided the entropic advantage to successfully 
assist the formation of the critical N-N bond. Optimal conditions were achieved with 
cobalt(I) catalysts under microwave irradiation in chlorobenzene, producing the desired 
pyridazines in moderate to good yields. This success led to the preparation of a series of 
annulated pyridazines. The use of two tethering nitrogens in the preparation of the 
 vi 
cyclization precursors incorporated points for further diversification, the next step in the 
development of this chemistry. This ring closure through N,N-bond formation allowed 
the construction of annulated pyridazine scaffolds that were utilized further in a small 
molecule library synthesis. Using this methodology, sixteen new annulated pyridazines 
were prepared. 
Inverse electron demand Diels-Alder (IEDDA) reactions of arynes and 1,2,4-
triazines were also investigated for the generation of isoquinoline core structures. The 
results showed that only triazines with electron withdrawing groups participated in the 
IEDDA reactions with benzyne as a partner after screening of several different arynes, 
which limited the scope of the reaction. Liebeskind–Srogl reactions of 3-
methylthiotriazines and boronic acids were investigated during the diversification of 
triazines, and microwave irradiation with palladium and copper catalysts were found to 
be the optimal conditions for the coupling. The chemistry allowed for further triazine 
diversification. 
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Chapter 1 Introduction to [2+2+2] Cyclizations 
 
1.1 General introduction 
Transition metal mediated [2+2+2] cyclizations have been well researched over the 
past several years.1-6 The first report of a non-catalyzed reaction was studied by Berthelot 
in 18667, who used high reaction temperatures (400 °C) to trimerize ethyne to benzene 
with a lot of by-products (Scheme 1.1).  Since then, this chemistry has advanced 
significantly with the advent of catalysis. In principle, alkyne trimerizations are very 
atom economic to form substituted or annulated benzenes and heteroaromatic rings. The 
participating 2π-systems can be three alkynes, a bisalkyne with enolates, alkenes, 
ketones, or nitriles with allenes or even three nitriles, and can be accomplished 
intermolecularly or intramolecularly. 5,8,9 
Scheme 1.1 
                                     
As a highly-developed methodology, [2+2+2] chemistry has been employed as a 
major synthetic pathway. The most efficient strategy uses metal catalysis, though non-
metal catalyzed reactions have also been reported.10,11  
The first metal catalyzed [2+2+2] cyclization was reported by Reppe in 1948, with 
the advantage of lower reaction temperature and fewer by-products compared to the non-
  
2 
metal catalyzed thermal promoted [2+2+2] reaction.12 Reppe employed a nickel complex 
to catalyze propargyl alcohol (1) trimerization to synthesize trisubstituted benzenes 2 and 
3 (Scheme 1.2).  
Scheme 1.2 
 
Such intermolecular cyclizations are typically problematic. Controlling the 
regioselectivity, and competing self-dimerization and self-trimerization when cross 
cyclizations are attempted (two or three different 2π-participates) can be difficult. 
Numerous transition metals have been applied as catalysts for cyclization including 
Ni,8,13,14 Co,9 Pd,15-18 Rh,19 Ru,20 Zr,21 Nb,22 Ir,23 Ta,24 Fe,25and Ti.26 Two general 
mechanisms have historically been used to explain the [2+2+2] cycloaddition: a metal-
carbon insertion mechanism (Scheme 1.3), and Diels-Alder type mechanism6 (Scheme 
1.4). 
In the metal-carbon insertion mechanism, the catalyst coordinates with two alkynes 
4, which then form metalo-cyclopentadiene complex 5. One more alkyne then 
coordinates with the metal, and subsequently inserts into this metalocyclopentadiene ring, 
forming a 7-membered ring 7. Reductive elimination of the metal finally forms the 
benzene derivative 8 (Scheme 1.3). Regioselective variant via isomeric 
  
3 
metalocyclopentadiene 9 can also lead to 8, or 1,3,5-trisubstituted benzene 14 depending 
upon the regiochemistry leading to 11 or 13.      
Scheme 1.3 
 
The Diels-Alder type mechanism differs in having the third alkyne add to the 
cyclopentadiene metal complex 5 through a Diels-Alder cycloaddition, which is a 
concerted pathway (Scheme 1.4). Both pathways can rationalize the slightly higher ratio 
(2:1) of 1,2,4-substituted to 1,3,5-substituted benzenes (5,9 to 8 vs. 9 to 14). However, 
recent calculation favors the first proposed mechanism.6 
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Scheme 1.4 
            
No matter which pathway is followed, regioselectivity and chemoselectivity issues 
are always present in the [2+2+2] cyclizations. More recent studies have focused on 
transition metal catalytic systems with different ligands and reaction conditions to 
optimize the desired selectivity. Since a vast amount of research has been reported on 
metal mediated [2+2+2] cyclizations, only the most commonly used metals with their 
regioselectivities and applications will be presented in this chapter. 
1.1.1 Nickel catalysts 
Nickel is a comparatively cheap metal catalyst for  [2+2+2] cyclizations, which 
renders its use suitable for the industrial scale.8 The early use of nickel by Reppe in the 
synthesis of cyclooctatetraene also propelled nickel catalysts to the forefront of 
cyclizations. Nickel has typically been used in a low valent state, Ni(0), with electron 
  
5 
donating ligands, making the oxidative insertion of an alkyne or other 2π partners more 
facile. With such Ni(0) catalysts, highly substituted symmetric benzenes are easy to 
synthesize by trimerization of alkynes with catalytic amounts of nickel. Scheme 1.5 is a 
good example showing the synthesis of hexaethylbenzene (22) by the trimerization of 3-
hexyne (21) in the presence of a presumed Ni(0) catalyst, in 90% yield. 
Scheme 1.5 
                        
However, the challenge has always been to perform the cyclization in a highly 
regioselective way when applying unsymmetrical alkynes, especially in intermolecular 
fashion. Saito found that the 1,3-eneynes 23 can be converted to one regioisomer of 
1,2,4-trisubstituted benzene 24a-c, or hexasubstituted 24d if harsher conditions were 
applied (80 °C for 30 h) in the presence of Ni(cod)2 (Table 1.1).27 The author also stated 
that an electron withdrawing group on the alkene is necessary for the high 
regioselectivity (Scheme 1.6). The electron-withdrawing group on the enynes has strong 
inductive effect, which favors the formation of metallacycle intermediate 5’, leading to 
the observed regioselectivity of 1,2,4-substituted benzene. 
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Table 1.1 [2+2+2] cyclization with Ni catalyst 
 
Scheme 1.6 
                               
Another approach to solve the problem of regioselectivity is to use tethered diynes 
with a suitable linker for the [2+2+2] cyclization. There are many examples utilizing 
symmetrically tethered diynes to react intermolecularly with monoalkynes.             
Nickel complexes have also been shown to catalyze cyclizations of alkynes with 
nitriles,29 imines,14 allenes,30 carbon dioxide,31 isocynates,32 ketenes,33 and arynes.34 But 
of all these 2π partners, nitriles are the most attractive because the cyclized products of 
substituted pyridines are very important in medicinal chemistry.  
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While cyclizations of alkynes with nitriles had been previously well known, the first 
cyclization of alkynes (free or tethered) with nitrile using a nickel catalyst was developed 
by Louie’s group,29 reported in 2005, who employed σ-donating and bulky N-
heterocyclic carbene (NHC) ligands (Scheme 1.7). Diynes 25’ cyclized with nitriles 28 to 
produce bicyclic pyridines 29 in low to high yield. The yield was lower when a 7,6-fused 
pyridine was prepared. 
Scheme 1.7 
         
1.1.2 Cobalt catalysts (promoters) 
Of the transition metal catalysts used in π-cyclizations, cobalt is one of the most 
common, due to its inexpensive availability and efficiency as a powerful catalyst.  The 
first [2+2+2] cyclization utilizing cobalt catalyst (1 mol%) was reported by Lyons in 
1978,38 who obtained a stereoselective cyclization of norbornadiene and norbornene with 
cobalt(Ⅲ ) acetylacetate [Co(acac)3] in a formal [2+2+2] homo Diels-Alder reaction 
(Scheme 1.8). 
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Scheme 1.8 
 
Early reports from the Vollhardt group on intramolecular cyclization of enediyne 
systems to produce tricyclic diene cobalt complexes with CpCo(CO)2  rose to prominence 
in 1980.39    Subsequently Vollhardt explored this chemistry relying on the CpCo(CO)2 
complex in the succeeding two decades.40-47  The first cobalt catalyzed cyclization 
published by Vollhardt was the  intramolecular cyclization of 50, a tethered enediyne, in 
the presence of CpCo(CO)2 (Scheme 1.9). The isolated fused tricyclic cobalt complex 51 
was obtained in moderate to good yields depending on the linker “X”, and the diene-
cobalt complexes were furnished with a new stereo center. 
Scheme 1.9 
                   
The cobalt catalyst turned out to have pronounced chemo-, regio-, and 
stereoselectivity advantages, and initiated widespread use in [2+2+2] cyclization 
chemistry. Cobalt catalysts are usually divided into three groups: cobalt with 
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cyclopentadienyl (Cp) ligands, cobalt carbonyls, and cobalt halides.9 Cobalt with 
cyclopentadienyl ligands are very typical cobalt catalysts for π-cyclizations.  
The most widely used cobalt catalyst for [2+2+2] cyclization is CpCo(CO)2, as 
employed originally by the Vollhardt group. In 1984, Malacria and Vollhardt reported 
that enediyne compound 52 can undergo cyclization with stoichiometric CpCo(CO)2 and 
the only isomer isolated was 53. Demetalation by silica gel resulted in the final product 
54 (Scheme 1.10).46 
Scheme 1.10 
 
An interesting topomer 56 was synthesized by the intramolecular cyclization of 
triyne 55 and the product contains a bent phenylene frame, which was reported by the 
Vollhardt group as well (Scheme 1.11).48 
Scheme 1.11 
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However, CpCo(CO)2, CpCo(C2H4)2, and CpCo(COD) are sensitive to oxygen. To 
solve this issue, cobalt complex 57 was developed by Malacria and Gandon et al. in 
2009,49 which proved to be air and moisture stable, and an efficient [2+2+2] cyclization 
catalyst in either  intermolecular or intramolecular reactants (Scheme 1.12). 
Scheme 1.12 
  
When the alkyne 59 was dimethyl acetylenedicarboxylate, the trimerization product 
58 was formed in better yield under thermal conditions (Scheme 1.12). When the alkyne 
59 was phenyl acetylene, both the microwave and thermal reflux conditions with catalyst 
57 give high yields and almost the same regioselectivity (60: 61 = 3:7). 
Cobalt carbonyl catalysts include but are not limited to, Co2(CO)8, 
Co3(H)(CO)(PMe3)6, and Co4(CO)12, and have found use in many otherwise difficult 
cyclizations. The bulky substituted internal acetylene 67 was trimerized to the product 68 
in the presence of Co2(CO)8. The cyclized product was then converted to a planar C114 
hydrocarbon 69 in good yield,50  which could be defined as a model for graphite with 
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electronic properties expected to converge on those of macroscopic graphite (Scheme 
1.13). 
Scheme 1.13 
                       
Typical cobalt halides catalysts used in π-cyclizations are the Co (II) halide catalysts 
which can be reduced to the active Co (I) in situ. Collectively these cobalt catalysts have 
been found extensive use in [2+2+2] cyclization chemistry. Recent research regarding 
cobalt catalysts has sought more active precatalytic systems using CoCl2•6H2O together 
with Dipimp ligand and zinc, as an efficient [2+2+2] cyclization catalyst which can be 
used in the presence of air.52             
However, to address the problem of chemo- and regioselectivity, considerable effort 
has been devoted beyond the discovery of more suitable catalysts. Solid phase chemistry 
which immobilizes one of the substrates onto a resin, can reduce the possibility of by-
product induced by the homocyclization of diynes.4,53 An alternative approach uses a 
temporary (disposable) tethering method. Silyl tethering is one example used by the 
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Malacria group, reported in 2004.54    
All of three kinds of cobalt catalysts also work well for the cyclization of alkynes 
and nitriles to produce pyridines. Since the nitriles are better electrophiles than alkynes, 
the formation of pyridines typically competes well with the trimerization of alkynes. 
Finding a good catalysis system with chemoselectivity was the main task for pyridine 
formation using the [2+2+2] cyclization strategy.     
1.1.3 Rhodium catalysts 60 
1.1.3.1 Neutral Rhodium Catalysts 
Rhodium catalysts have been one of the most popular metal catalysts in the last half 
century. The first report of a  [2+2+2] cyclization utilizing a rhodium catalyst was done 
by Collman in 1968 trimerizing dimethyl acetylenedicarboxylate (104) (Scheme 1.14).61 
Müller62 in 1974 and Grigg63 in 1982 all published pioneering work with Wilkinson’s 
catalyst RhCl(PPh3)3. Until 2003, almost all the rhodium catalysts used in [2+2+2] π-
cyclizations were based on neutral rhodium (I) and rhodium(III) complex as 99-103 
(Chart 1.1).  
Scheme 1.14 
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Chart 1.1 Common neutral rhodium (I) and rhodium(III) catalysts 
                       
Terminal alkynes tend to transform to linear dimers 109 and 110 when neutral 
rhodium catalysts are applied (Scheme 1.15). Nevertheless, considerable success has 
been achieved in partial and complete intramolecular [2+2+2] cyclizations with neutral 
rhodium catalysts. 
Scheme 1.15 
                                   
Wilkinson’s catalyst was also used in intramolecular [2+2+2] cyclizations. Grigg et 
al. used the oxygen tethered triyne 117 to obtain tricyclic fused benzene 118 (Scheme 
1.16).63  
Scheme 1.16 
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In our group, Dr. Amanda Gibeau applied Wilkinson’s catalyst to the diyne-enone 
125 system and synthesized highly substituted tricyclic core structures 126 (Scheme 
1.17).67 With this methodology, bisyne enone 127 cyclized in 71% yield to 128 upon 
treatment with Wilkinson’s catalyst under microwave conditions, after work-up with 
DDQ (Scheme 1.18). Asymmetric reduction (99+%, 57% ee) then gave marine natural 
product (-)-alcyopterosin (128’).  
Scheme 1.17 
                    
 
Scheme 1.18 
 
1.1.3.2  Cationic Rhodium Catalysts 
Since 2003, Tanaka68 has reported significant research based on cationic 
rhodium(I)/biaryl bisphosphine complexes. The first cationic rhodium(I)/biaryl 
  
15 
bisphosphine complex Tanaka used was [Rh(cod)2]BF4/H8-BINAP. With this catalyst, 
diethyl acetylenedicarboxylate (DEAD) cyclotrimerized with two equivalents of terminal 
alkynes 129 to form substituted benzenes 130-132 with high chemo- and regioselectivity. 
The regioselectivity favored 3,6-disubstituted diethyl phthalate 130 (Scheme 1.19). 
Scheme 1.19 
     
Tanaka proposed that the formation of metalacycle 133 was preferred rather than 134 
or 135, and following oxidative insertion of terminal alkyne 129, reductive elimination 
led to the cyclized product 130 (Chart 1.2). 
Chart 1.2  Possible metalacyles proposed by Tanaka 
                                                               
Usually when diynes reacted with acrylonitrile, the alkene is the preferred 2π-partner 
to form 1,3-cyclohexadienes.70 For example, the cyclization of diyne 141 with 
acrylonitrile yielded 142 with Wilkinson’s catalyst (Scheme 1.20, equiv 1). However, 
Tanaka discovered that the pyridine product is the major product in a similar system 
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when cationic Rh(I) catalyst was applied with BINAP as ligand (Eq. 2).71 Thus, the 
resulting bicyclic fused pyridine 144 was produced instead of cyclohexadiene because 
diyne 143 selectively reacted with the nitrile group. These two examples illustrate the 
chemoselectivity of rhodium catalysts in [2+2+2] cyclizations. 
Scheme 1.20 
 
1.1.4  Metal Free Cyclizations 
In the early 1950s, Noland86 discovered that 1-methylpyrrole 182 will react with 
dimethyl acetylenedicarboxylate 181 at room temperature to produce in low yield the 
formal [2+2+2] cyclization product 183 (presumably by conjugate addition followed by 
Diels-Alder reaction), which did not undergo spontaneous oxidative aromatization 
(Scheme 1.21). 
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Scheme 1.21 
 
More recent studies have shown some other metal-free strategies, which are Lewis 
acid promoted intermolecular [2+2+2] cyclizations, make the cyclization even more 
attractive. González and Maulide in 2016 made significant progress in this field.10,11,87  
They applied the Brønsted acid, trifluoroacetic acid in the presence of ynamide 184 with 
acetonitrile, and found that the amount of the acetonitrile affected the formation of the 
products. When 5 equivalents of acetonitrile were used, the pyrimidine product 185 was 
formed in 63% yield, while with only one equivalent acetonitrile, the formation of 
isoquinoline 186 resulted in 89% yield (Scheme 1.22).11  
Scheme 1.22 
 
In another example, Zhang et al. used TMSOTf as a Lewis acid to catalyze ynamide 
187 reactions with nitriles 188 to produce the fully substituted pyridines 189 at room 
temperature (Scheme 1.23).10 The 2,4-diaminopyridines are important pyridine 
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derivatives, which showed activity as sterilants, herbicide and antagonists (like 190 and 
191) (Chart 1.3). 
Scheme 1.23 
 
 
Chart 1.3 Bioactive 2,4-Diaminopyridines structures 
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These authors proposed two possible mechanistic pathways to explain the regio- 
chemical course of the reaction (Scheme 1.24 and 1.25). To start, TMSOTf coordinates to 
ynamide 192 to form silicon π-alkyne complex 193. Then, addition of a second ynamide 
192 or nitrile 195 gives two different pathways. If the ynamide adds to the silicon π-
alkyne complex 193, the keteniminium ion 194 forms. Subsequent addition of nitrile 195 
will lead to the nitrilium species 196, which undergoes an intramolecular cyclization. 
Loss of trimethylsilenium furnishes the final product 198. On the other hand, if nitrile 
195 adds to the silicon π-alkyne complex 193, the nitrilium species 199 will form first 
(Scheme 1.25). Then, another molecule of ynamide adds to 199 to form keteniminium ion 
200. The following two steps are the same as in the first mechanism, which results in the 
formation of 2,4-diaminopyridines 198. 
Scheme 1.24 
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Scheme 1.25 
 
1.2 Applications of the [2+2+2] cyclizations in natural product synthesis 
Transition metal catalyzed [2+2+2] cyclizations have been proven to be a powerful 
strategy to build polycyclic fused aromatic or heteroaromatic ring systems, which can 
lead to natural products and complex polycyclic aromatic compounds. Vollhardt in 1984 
used the cobalt complex mediated [2+2+2] methodology to synthesize dl-estrone 
(Scheme 1.26).88 This is a very classic and brilliant total synthesis, and one of the first to 
use this strategy. The diyne precursor 203 underwent the [2+2+2] cyclization with 
bistrimethylsilylacetylene (202) using 25 mol% CpCo(CO)2 catalyst to obtain 
benzocyclobutane 204, which rearranged to o-quinodimethane 205 upon heating by a ring 
opening process. Then, a subsequent Diels–Alder reaction produced the single 
diastereomer estratrienone 206.  The regioselective protodesilylation of one silyl group, 
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followed by oxidation of the remaining silyl group finished the total synthesis of dl-
estrone. Thus, instead of building the ABCD ring system stepwise in the traditional way, 
Vollhardt utilized the transition metal catalyzed [2+2+2] cyclization, as well as ring 
opening of the benzocyclobutane, to get the Diels-Alder precursor, which formed the 
polycyclic ring system in only two steps once precursor 203 was prepared. 
Scheme 1.26 
 
Siegel et al. in 2010 applied a similar strategy of metal mediated [2+2+2] cyclization 
to the total synthesis of (+)-complanadine A (Scheme 1.27).89 Tethered alkyne nitrile 208 
was synthesized from ketone 207 in five steps. Then, the cyclization of tethered alkynyl 
nitrile 208 and bis(t-rimethylsilyl)butadiyne 209 with one equivalent of CpCo(CO)2 
produced the pyridine product 210 as the main product.  Subsequently, 210 was 
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transformed to pyridylalkyne 211, which underwent another [2+2+2] cyclization with 
alkynylnitrile 212 in the presence of three equivalents of CpCo(CO)2 with added PPh3 to 
give bipyridyl 213. This bipyridyl was converted to (+)-complanadine A in three more 
steps. Even though stoichiometric amounts or more of the cobalt catalysts were required 
in this total synthesis, the use of PPh3 in the second [2+2+2] cyclization step remains 
hard to explain. Nonetheless, the synthesis still had the advantages of few steps with good 
regioselectivity. 
Scheme 1.27 
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1.3 Research from the Snyder group 
Dr. Yan Chen from the Snyder group first used a cobalt catalyst to catalyze [4+2+2] 
cycloadditions (homo Diels-Alder reactions) of norbornadienes 214 and 1,3-butadienes 
215, which led to the highly caged olefinic cycloadducts 216 in 1997 (Scheme 1.28).90,91  
Then Dr. Bin Ma optimized the reaction conditions with a CoI2/dppe/Zn/ZnI2 (1:1:1:3) 
catalytic system in DCM at room temperature to get a [4+2+2] cycloaddition yield over 
90%.92,93 This chemistry was later applied to a formal total synthesis of the plant growth 
regulator partulal. 
Scheme 1.28 
                     
About the same time, Dr. Brian Lahue found that the cycloadditions of trimethylene-
tethered triazine/imidazole pairs 217 did not give the expected Diels-Alder product of 
annulated deazapurines 219, but the 1,2,3,4-tetrahydro-1,5-naphthyridines product 218, 
which was obtained by the rapid nitrile elimination after the loss of N2 (Scheme 1.29). 94  
This result was interesting since it led to a novel way to synthesize tetrahydro-1,5-
naphthyridines. 
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Scheme 1.29 
 
However, this methodology could not easily lead to isomeric naphthyridines. 
Drawing on our experience with Co-catalyzed homo Diels-Alder reactions, Dr. Ya Zhou 
developed a cobalt catalyzed [2+2+2] cyclization of dialkynylnitriles to obtain 5,6,7,8-
tetrahydro-1,6-naphthyridines, reported in 2006 (Scheme 1.30).95,96  With CpCo(CO)2, 
the diynes 220 reacted  with nitriles 221, or alkynenitriles 223 with alkynes 224, 
intermolecularly to give a variety of 1,6- naphthyridines 222 and 2,7-naphthyridines 225, 
with different substituents in the ring structure, and different ring size in the A ring (5-7). 
Scheme 1.30 
 
Moreover, the fully intramolecular cyclization of the diynenitrile 226 generated the 
tricyclic tetrahydro-1,6- naphthyridines 227 in good yield (Scheme 1.31). This protocol 
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led to the synthesis of a small library, and three of the compounds (Chart 1.4) showed 
activity against Mycobacterium tuberculosis using the microplate Alamar Blue assay 
(MABA).95 
Scheme 1.31 
           
Chart 1.4 Compounds showed activity against Mycobacterium  tuberculosis 
 
 
1.4 Conclusion 
Transition metal catalysts in [2+2+2] cyclizations have been explored by many 
groups in the past including our own group. With this success in the microwave 
promoted, CpCo(CO)2 catalyzed intramolecular [2+2+2] cyclization of diynenitrile, we 
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proposed the idea of the synthesis of pyridazines 232 if the cyclization precursor structure 
of diynyl nitrile 226 is changed to alkynylbisnitrile 231 (Scheme 1.32). Investigation of 
this chemistry, with the heretofore unknown formation of an N-N bond in a transition 
metal catalyzed [2+2+2] cyclization is the subject of the next chapter. 
Scheme 1.32 
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Chapter 2  Microwave-Promoted Cobalt-Catalyzed Intramolecular [2+2+2] 
Cyclizations for the Synthesis of Pyridazines 
2.1 Introduction to pyridazines 
Pyridazines are rare in natural products,97 perhaps the best known among them are 
the antifungal agent pyridazomycin98,99 and the marine natural product azamerone (Chart 
2.1).100,101 However, these heterocycles are very important drug fragments, and many 
relatively simple 1,2-diazines have shown a broad range of biological and pharmaceutical 
activities, such as their use as antihypotensive and antidepressant agents.102,103 Recently 
they have attracted growing attention as more and more pyridazine core compounds have 
been screened in fragment screening strategies.104 
Pyridazine containing heterocycles have recently been suggested to be the most 
“developable” scaffolds upon analysis of the GSK database.105 Thus, these heterocycles 
are important synthetic targets for the library inclusion in drug screening efforts. 
Therefore, developing new methods to synthesize pyridazine core compounds would be 
of great interest and use.  
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Chart 2.1 Bioactive agents bearing 1,2-diazines 
 
2.1.1  Traditional methods to synthesize 1,2-diazines 
Traditional ways to synthesize 1,2-diazines 106,107 follow stepwise strategies: I). 
condensations of 1,4-dicarbonyl compounds with hydrazine; II). inverse electron demand 
Diels-Alder cycloadditions of 1,2,4,5-tetrazines with alkynes; III). diaza-Wittig reactions 
(Scheme 2.1), all of these methodologies construct the C-N bonds in the pyridazine core. 
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Scheme 2.1 
            
2.1.1.1 Condensations of 1,4-diketone with hydrazine 
Gabriel and Colman108 were the first (1899) to report the use of hydrazine to close a 
1,2-diazine ring with substituted γ-keto acids and removed the substituent groups by 
oxidation and decarboxylation. Similar examples were reported by William Hale in 1916 
(Scheme 2.2).109 Cyclopentadienodihydropyridazine 2 was obtained by condensation of 
diketone 1 with hydrazine, followed by oxidation to produce the aromatized pyridazine 
product 3. Innumerable other examples of hydrazine condensation with 1,2-dicarbonyl 
compounds have since followed.                                        
Scheme 2.2 
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2.1.1.2 Inverse electron demand Diels-Alder cycloaddition of 1,2,4,5-tetrazines with 
alkynes or alkenes 
With the first report by R.V. Lindsey in 1959, inverse electron demand Diels-Alder 
reactions (IEDDA) of 1,2,4,5-tetrazines 4 with appropriate olefinic and acetylenic 
dienophiles became an interesting synthetic route to a limited number of pyridazines 5 
(Scheme 2.3).110 Substitution at the diazine 3- and 6-positions is limited by the tetrazine 
diversity. 
Scheme 2.3 
                                 
The Boger group utilized the Diels-Alder cycloaddition of dimethyl 1,2,4,5-
tetrazine-3,6-dicarboxylate with alkyne 6 in the total synthesis of  ningalin D 9 (Scheme 
2.4).111 In this route to the complex marine carbazole 9, the inverse electron demand 
Diels-Alder reaction proceeded in 87% yield to give diazine 7. Subsequent reductive ring 
contraction and further elaboration yielded 9 in 15% overall yield in ten steps. The key 
step was the synthesis of diazine 7. 
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Scheme 2.4 
       
Dr. Scott Benson in our group developed IEDDA cycloadditions of indoles with 
tetrazines to generate diazines annulated to the indole core reported in 1988.112,113  Indole 
10 reacted with dimethyl 1,2,4,5-tetrazine-3,6-dicarboxylate to generate diazine 12 in 
excellent yields (Scheme 2.5). In 1999, he reported the intramolecular IEDDA of 
tryptamine and its derivatives 13, allowing for the formation of a variety of polycyclic 
compounds 14. 
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Scheme 2.5 
                      
2.1.1.3 Diaza-Wittig reaction 
The first diaza-Wittig approach to pyridazine derivatives was reported by Guillaume 
and others in 1995.114 More research was studied and reported by Nikolaev.115 The diaza-
Wittig reaction is a good way to synthesize 1,2-diazines (Scheme 2.6).115 
Scheme 2.6 
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2.1.2  Recent studies about the synthesis of pyridazines 
Recently the Volkova group developed a new strategy to synthesize the anticancer 
candidate pyridazine 21 by a Vilsmeier–Haack reaction of enolizable ketones 18 giving 
chlorovinyl aldehydes 19, followed by the cyclocondensation with oxamic acid 
thiohydrazides 20, and cascade electrocyclization and aromatization (Scheme 2.7). These 
types of pyridazines exhibited higher antiproliferative potency than the drug cisplatin (see 
inset).116  
Scheme 2.7 
 
The Yamamoto group utilized dichloromaleic anhydride 22 to condense with 
hydrazine to produce pyridazindione 23 (Scheme 2.8).  Treatment with phosphoryl 
chloride converted the ketone and enol groups to chlorides, resulting in the 3,4,5,6-
tetrachloro-pyridazine 24, which was the intermediate to the final pyridazine scaffolds 25 
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and 26. These pyridazines scaffold showed higher catalytic activity in acetylations than 
DMAP.117 
Scheme 2.8 
            
Wang’s group developed a strategy to construct a variety of 4-amido-cinnolines 30 
by BF3‑etherate-promoted cascade reactions of 2‑alkynylanilines 27 with nitriles 29 in 
one-pot (Scheme 2.9).118 In this reaction, two C-N bonds were formed under transition-
metal-free conditions via diazotization with t-BuONO.  
Scheme 2.9 
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2.1.3 Transition metal Catalyzed [2+2+2] Cyclizations  
Transition metal catalyzed [2+2+2] cyclization chemistry over the past two decades 
has widened the synthetic chemist’s imagination on the synthesis of aromatic and 
heteroaromatic ring systems.5,6,119-123 With this methodology in hand, chemists may now 
build polycyclic ring systems in a single step with well-planned π-participants. 
As the development of transition metal catalyzed [2+2+2] cyclizations evolved, more 
useful and interesting π-partners were reported. Alkenes,124-127 oximes,128,129 vinylene 
carbonates,130 allenes,131,132 isocyanoates,133 ynamides,10,134,135 alkynylboronates,136 
imines,14,137 carboryne,138 carbonyls,139 3,4-pyridynes,13  ketones,140 and many others 
have been applied as π-partners. The π-bond they offer in the cyclization provides 
electrons to form a new C-C, C-O and/or C-N bonds.  
Vollhardt’s group has reported a significant research investigating and applying 
[2+2+2] cyclizations using CpCo(CO)2 in triyne and enediyne systems.48,127,141-144 This 
cobalt catalyst has proven to be regio-, and stereoselective in many cases. The conditions 
for the [2+2+2] cyclizations can be promoted thermally or photochemically.  
Our group was the first to develop the microwave promoted cobalt catalyzed 
[2+2+2] cyclization, reported in 2006, to synthesize tetrahydro-1,6-naphthyridines 32, 
which proved to be a very atom economic strategy to form polycyclic pyridine systems 
(Scheme 2.10).95,96  We successfully demonstrated that microwave irradiation could 
activate the Co(I) catalyst presumably by loss of a CO ligand. This contribution showed 
that the less convenient photoactivation could be replaced by the microwave promotion. 
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Scheme 2.10 
          
The direct formation of an N-N bond in a [2+2+2] cyclization is rare.145 There has 
been only one report before by Vollhardt in 1984. In this article, 1,2,4-triazines 35 were 
formed by the cyclization of adipyl bisnitriles 33 with mononitriles 34, with formation of 
the N-N bond  in the presence of an iron carbonyl catalyst (Scheme 2.11).146-148 
Scheme 2.11 
                   
Given the success of transition metal catalyzed [2+2+2] trimerizations of alkynes, 
and the further application of this chemistry to pyridine syntheses incorporating a nitrile 
as a 2π-partner, we were interested in the possibility of creating 1,2-diazines through a 
similar, intramolecular cyclization of alkynyl-linked bis-nitriles with formation of the 
diazine N, N-bond. 
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2.2  Pyridazine syntheses utilizing [2+2+2] cyclizations 
2.2.1 Synthesis of tricyclic fused pyridazines  
As previously shown in Scheme 2.10, Ya Zhou in our group successfully synthesized 
5,6,7,8-tetrahydronaphthyridines 32 through microwave-promoted cobalt catalyzed 
intramolecular [2+2+2] cyclizations of bisalkyne nitriles 31.95,96 Consequently the 
analogous alkynyl cyclization precursors 36 came into consideration as cyclization 
precursors to study (Scheme 2.12).  
Scheme 2.12 
                 
We proposed that the intramolecular nature of the reaction (entropic advantage) 
would assist in the formation of the critical N-N bond.  Moreover, the intramolecular 
nature was predicted to enable diazine formation to compete with an intermolecular 
alkyne trimerization which could lead to the undesired hexasubstituted benzene 39 
(Scheme 2.13, equiv 1),122,149,150 and/or dimerization leading to the pentasubstituted 
pyridine 40 (Eq 2). In the earlier cyclizations in our group, no alkyne trimerized products 
were observed under microwave conditions, only the targeted 1,6-naphthyridines. As 
mentioned in the Chapter 1, two possible paths were used to explain the mechanism of 
cobalt catalyzed [2+2+2] cyclizations: one through a cobaltacyclopentadiene intermediate 
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and the other one through azacobaltacyclopentadiene intermediates. In either pathway, 
the nitrile was the preferred intramolecular insertion partner rather than an intramolecular 
alkyne, which might be due to the relatively higher dipole of the nitrile compared to 
alkyne, resulting in higher microwave energy absorption, assisting in the nitrile 
incorporation. In the alkynyl bisnitrile system, such activation would also be helpful.                    
Scheme 2.13 
        
To simplify the chemistry and analysis of NMR data in the initial feasibility study, 
the cyclization of bisnitrile with benzylamino linkage points on either end of a symmetric 
internal alkyne 36a was chosen as the model (Scheme 2.14). The key step in construction 
of 36a would be the alkynyl Mannich reaction to combine aminonitrile 42a with alkynyl 
nitrile 44a. 
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Scheme 2.14 
 
The synthesis of bisnitrile 36a started with the conjugate addition of benzyl amine 
(45a) to acrylonitrile (46a) forming aminonitrile 42a in quantitative yield. Propargyl 
amine (48a) similarly reacted with acrylonitrile (46a) affording the conjugate addition 
product alkynyl aminonitrile 44a, which was followed by amine protection with a benzyl 
group. With both aminonitrile 42a and alkynyl nitrile 44a in hand, a carbon linker 
between these two reagents was introduced via a copper-promoted alkynyl Mannich 
reaction151,152 in the presence of paraformaldehyde. This led to the formation of alkynyl 
bisnitrile 36a in 64% yield (Scheme 2.15).     
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Scheme 2.15 
                    
Employing the same cobalt catalyst, CpCo(CO)2 (20 mol%), successfully employed 
in the synthesis of 1,6-naphthyridines, the N, N-bond formation in a cyclization was 
proved possible by the successful production of pyridazine 37a (64% yield) (Scheme 
2.16). When the loading of the cobalt catalyst was increased to 30 mol%, the yield of 
cyclization could be increased to 80% under the same reaction conditions (180 °C, 
microwave for 15 minutes, conditions applied in Dr. Zhou’s previous work)96. These 
results once again verified that nitriles were preferred as π-partners in intramolecular 
reactants to the alternative intermolecular alkynyl π-systems. No alkyne trimerization or 
dimerization products were observed. 
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Scheme 2.16 
             
When the same substrate was applied under the thermal conditions with 15 mol% 
CpCo(CO)2 catalyst, no cyclization product was observed, and almost all starting 
material was recovered. Cobalt in dioxane,153 InCl3/iodophenol154 and Tanaka’s rhodium 
cation catalyst68 were also examined (Scheme 2.17) with substrate 36a, but no cyclization 
products were obtained with starting material recovered. Presumably, freeing a CO ligand 
from the cobalt catalyst by microwave irradiation is critical.40 Likely the catalyst itself 
with its high dipole is capable of rapidly absorbing the microwave energy dispelling the 
CO. A ligand free site on the Co(I) catalyst cannot be easily achieved by simple heating. 
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Scheme 2.17 
        
Optimization studies of the cyclization were then undertaken with bisnitrile 36b with 
the nitrogens orthogonally protected (Ts, Bn). The synthesis of bisnitrile 36b was routine 
following the route used to prepare symmetric bisnitrile 36a (Scheme 2.18). A copper 
mediated alkynyl Mannich reaction with aminonitrile 47a, paraformaldehyde and alkynyl 
nitrile 44b, which was obtained by installing a tosyl group onto the secondary amine 47a, 
produced precursor 36b. The difference of the nitrogen protecting groups has the 
potential for sequential deprotection in a two-point diversification strategy in a library 
synthesis scheme. 
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Scheme 2.18 
        
Cyclization of 36b proceed with 20 mol% CpCo(CO)2 under microwave conditions 
(5 min, 180 °C), producing annulated diazine 37b in 65% yield (Table 2.1, entry 1). 
Increasingly longer reaction times with this particular substrate led to the elimination of 
the tosyl group from the cyclized product with formation of by-product 37b′ in increasing 
amounts (Entries 2- 4). Higher catalyst loading (30 mol%, Entry 5) gave slightly lower 
yield as did a lower catalyst loading (10 mol%, Entry 6). The best yield was obtained at 
temperatures which minimized production of by-product 37b′ (75%, 160 °C, entry 7). 
The stable Co(I) catalyst reported by Malacria and Gandon 49 yielded only a small 
amount of cyclized product (9%, entry 9). The two Rh(I) catalysts examined failed to 
produce any cyclization products, returning only the non-cyclized precursor (entries 10-
11). Both Wilkinson’s catalyst (entry 11) and the Cp*Rh(COD)Cl had been successfully 
used in [2+2+2] cyclizations in our group as previously described. 
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Table 2.1 Optimization Studies for the Cyclization of 31b. a 
 
 
Substrate 36b was also examined under thermal conditions as well. Only a poor yield 
(20%) of the cyclized product was obtained after 1h in refluxing chlorobenzene (with by-
product 37b′), the same solvent employed in the microwave reactions. Longer reaction 
times led only to decomposition (Table 2.2). No trimerization products were detected. 
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Table 2.2 Cyclization of N-Tosyl and N-Benzyl-protected bisnitrile 
 
With the preliminary success of the bisnitrile cyclization, three questions were then 
addressed. First, which nitrogen protecting groups would survive both the bisnitrile 
preparation and the cyclization with the Co(I) catalyst, and still allow for selective 
deprotection. Second, could five- and seven-membered C rings also be formed in the 
cyclizations. Finally, how much substitution on the bisnitrile tethers would be tolerated as 
potential steric interactions increased that might inhibit the cyclization. 
Various protecting groups were installed on the two tethering nitrogen atoms: Bn, 
Ts, PMB, Boc, Fmoc, and Alloc amino tethered bisnitriles (44a-e) were synthesized 
through the routines similar to that for Ts, Bn-aminobisnitrile 44b (Scheme 2.19). 
Conjugate addition of benzyl or PMB amine to acrylonitrile led to aminonitrile products 
42a-b.   
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Scheme 2.19 
 
For other protecting groups, the propionitrile propargyl secondary amine 47a was 
protected following standard procedures (tosyl chloride, Fmoc chloride, Alloc chloride, 
Boc anyhyride) to form alkynyl nitriles 44a-e (Table 2.3).  
Table 2.3 Substituted alkynyl nitrile 
 
With both the aminonitriles 42a-b and alkynyl nitriles 44a-e in hand, the copper 
mediated Mannich reaction linked these substrates by one additional carbon atom from 
formaldehyde, forming 36a-g with moderate to good yield (35-93%) (Table 2.4).                       
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Table 2.4 Preparation of [2+2+2] cyclization precursors 
 
Other efforts had also been made to make the alkynyl bisnitriles cyclization 
substrates. Attempts to prepare bisnitrile 36a directly from aminonitrile 42a with 
dibromide 49 upon refluxing in THF with potassium carbonate failed (Scheme 2.20). The 
reaction always stopped at the monosubstitution stage, with 32% yield of 50. If the 
solvent was changed to refluxing DMF, an inseparable mixture of 36a and 50 were 
obtained.  
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Scheme 2.20 
 
Chart 2.2 shows the N, N-tethered [2+2+2] cyclization precursors with a combination 
of different protecting groups that were prepared. Screening of various N-protecting 
groups in the cyclizations revealed that tosyl, Bn, PMB, and BOC could all be carried 
through the cyclization without difficulty, using 20 mol% Co(I) catalyst through the bis-
benzyl protected cyclization required 30 mol% catalyst for optimal yield (Chart 2.3). In 
contrast, neither the FMOC-protected precursor 36g, nor the corresponding Alloc-
protected precursor 36f participated in the cyclization, the latter protecting group proved 
to be unstable upon addition of the Co(I) catalyst, while former was recovered 
unchanged.  
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Chart 2.2 
 
Chart 2.3 Pyridazines by [2+2+2] cyclization 
 
All the cyclization reactions were run on a 30-50 mg scale. Whenever the reactions 
were scaled to over 50 mg, the yield decreased significantly (≤10%). Neither longer 
microwave irradiation time nor loading of more cobalt catalyst solved this issue. This 
drawback limited the applicability of this [2+2+2] chemistry. However, the adoption of 
continuous flow chemistry joined with microwave irradiation might solve this problem. 
155-157 In flow chemistry, the reaction process can be performed on continuous reactors 
instead of in batch, which has a better control over reaction parameters such as 
temperature, pressure, and flow rate. 
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2.2.2 Ring size variation on the C-ring fused pyridazines 
With successful cyclizations to the diazines accomplished variation in the ring size 
annulated to the aromatic core was next examined. In order to reduce the size of the C-
ring, α-amino nitriles 53a-b were obtained through alkylation of propargyl amine with 
bromoacetonitrile, which was followed by amine protection (Scheme 2.21).  
Scheme 2.21 
 
Five-membered C-ring precursors 36h-i were obtained through alkynyl Mannich 
reactions of α-amino nitrile 53, aminonitriles 42 and paraformaldehyde in 63-98% yield 
(Scheme 2.22).  
Scheme 2.22 
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Preparation of seven-membered C-ring precursors were attempted with two different 
aminonitrile substrates prior to Mannich reaction. These two precursors have the potential 
to create isomeric azepine rings annulated to the diazine (Scheme 2.23). 
Scheme 2.23 C-ring modification 
              
In the first approach leading to 36j, β-aminonitrile 55a was obtained through 
conjugate addition of 3-butynylamine 48b with acrylonitrile 46a, followed by amine 
protection with a Boc group (Scheme 2.24). 
Scheme 2.24 
             
Synthesis of precursor 36x, via γ-aminonitrile 55b, was attempted in two ways. The 
Boc protected propargyl amine 56 reacted with 4-bromobutyronitrile 57 to give the γ-
aminonitrile 55b, but only in 8% yield (Scheme 2.25, equiv 1). A second approach (Eq 2) 
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to the Boc protection was accomplished after secondary aminoalkyne 58 was obtained by 
the substitution of primary amine 48a with 4-bromobutyronitrile 57. Since both pathways 
provided only low yields (over two steps) of desired alkynylnitrile product 55b, only the 
7-membered C ring cyclization precursor 36j was carried through a copper mediated 
alkynyl Mannich reaction, which succeeded in 59% yield (Scheme 2.25, equiv 3). The N, 
N-tethered bisnitriles cyclization precursors leading to ring size variations are shown in 
Chart 2.4.  
 
Scheme 2.25 
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Chart 2.4 Five and seven-membered c-ring precursors 
          
 
Five-membered ring cyclization products 37h and 37i (Chart 2.5) were easily 
prepared (70% and 77% yields, respectively) upon subjection to the Co-catalyzed 
microwave conditions. Seven-membered ring annulation product 37j, however, proved to 
be unstable and was prone to decomposition upon prolonged exposure to air. 
Furthermore, only a crude yield of 33% could be obtained. Given the instability of 37j, 
additional efforts to prepare the isomer 36x through precursor 55b were abandoned. 
Chart 2.5 Five and seven-membered c-ring pyridazines 
 
2.2.3 Substitution at the progargylic positions or alpha to the nitrile group  
Substitution at the propargylic positions or alpha to the nitrile group in the 
cyclization precursors were next explored as a means to diversify the diazine cyclization 
product. However, the impact of such substitution with potential steric impediments to 
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the cyclization was a potential problem. The structures in the Chart 2.6 illustrates types of 
cyclization precursors that were targeted.  
Chart 2.6  Targeted precursors bearing substitution at the propargylic positions or 
alpha to the nitrile group 
             
While the synthesis of these cyclization precursors should be routine following the 
strategy to prepare the initial unsubstituted alkynyl bisnitriles, the difference resided in 
the availability of different aldehydes, substituted propargyl amines, substituted 
acrylonitriles, and amino nitriles (Scheme 2.26). Various aldehydes and substituted 
propargyl amines could provide substitution on the propargylic positions of cyclization 
precursors (Scheme 2.26, equiv 1 and 2). Complementing diversification on the propargyl 
positions, substitution on the acrylonitriles or amino nitriles would introduce substitution 
at the α-nitrile position of the cyclization precursors (Eq. 3 and 4). 
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Scheme 2.26 
 
2.2.3.1 Substitution at the propargylic positions 
A typical Mannich reaction158,159 involves the condensation of a nonenolizable 
aldehyde, a primary or secondary amine 61 and ‘active-hydrogen’ component such as an 
enolizable carbonyl compound 62 or terminal alkyne 65, affording the corresponding β-
aminocarbonyl 64 or β-aminoalkyne compounds 66 (Scheme 2.27). The iminium 
derivative 63 of the aldehyde is the acceptor of the nucleophile.  The alkynyl Mannich 
reaction works in a stepwise fashion with initial formation of iminum salt 63, followed by 
acetylide addition. The alkynyl Mannich reaction is also referred to as the A3-coupling 
(alkyne-amine-aldehyde) reaction by some chemists when accomplished in a one pot 
fashion as a reaction cascade. 
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Scheme 2.27 
                    
The first attempt to install propargylic substitution on the cyclization precursor was 
anticipated to be straightforward, since employing an aldehyde other than formaldehyde 
can easily bring R3 substitution onto 36k. The previously employed copper mediated 
alkynyl Mannich reaction conditions were applied with different aldehydes, beginning 
with 4-chlorobenzaldehyde and 4-bromobenzaldehyde. Aromatic aldehydes with mildly 
electron withdrawing group were chosen because aromatic aldehydes usually work better 
than alkyl aldehyde.159 Electron withdrawing groups would make the iminium 
intermediate more electrophilic to the attack of metal acetylide. Unfortunately, neither 
reaction gave the desired cyclization precursor 36k and 36k’ (Scheme 2.28, equiv 1 and 
equiv 2). Consequently, other alkynyl Mannich reaction conditions were attempted.                 
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Scheme 2.28 
 
Microwave mediated alkyne-amine-aldehyde (A3) coupling reactions are intriguing 
to us.158,160  Multiple components reactions are of great interest because they generate 
product(s) in one pot via sequential reactions. This methodology is extremely efficient in 
providing easy and rapid access to large libraries of organic compounds with diverse 
substitution patterns. Reactions of arylethynyl-copper(I) compounds, copper acetylides, 
generated in situ were initially explored by Castro and co-workers in stoichiometric 
reactions.161 Alkynylcopper(I) compounds are also the most general compounds used in 
alkynyl Mannich reactions, and this has become a widely used tool for the synthesis of 
various propargylamines.  Later, other metals were explored to produce metal acetylide 
species, for example, In(III), Au(I) and Au(III) and Ag(I).159 Although all these metal 
alkynyl Mannich reactions provided a wide range of propargylamines, the shortcomings 
included long reaction times. Tu and co-workers reported a fast and universal 
microwave-assisted CuI-catalyzed A3-coupling procedure in 2004 to solve this issue 
  
58 
(Scheme 2.29, equiv 1).160  Subsequently, Van der Eycken and co-workers reported a 
microwave-assisted Cu(I)-catalyzed A3-coupling procedure optimized specifically for the 
use of primary aliphatic amines (Scheme 2.29, equiv  2).  
Scheme 2.29 
 
Microwave chemistry arguably has advantages over conventional thermal methods 
mainly due to shorter reaction times, which can lead to cleaner reactions, with a 
minimum of thermal decomposition products. Thus, it was promising to try the alkyne-
amine-aldehyde system to prepare the desired cyclization precursors. 
Preparation of the known unsubstituted cyclization precursors were chosen to first 
optimize the microwave mediated A3 coupling reaction conditions (Table 2.5) in 
comparison with the earlier applied thermal conditions. All the substrates worked under 
CuI or InCl3 mediated microwave conditions. The PMB, Boc-orthogonally protected 
cyclization precursor 36e was obtained in almost the same yields as the normal alkynyl 
Mannich reaction (Entries 2-4). In contrast, the Bn,Ts- orthogonally protected cyclization 
precursor 36b and PMB, Ts- orthogonally protected precursor 36d were obtained at 
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lower yields under microwave mediated conditions, especially with InCl3 (Entries 5-7, up 
to 20% yield).  
Table 2.5 Microwave mediated A3 coupling reaction 
          
Even though the yields did not show any improvement compared to the thermal 
copper mediated alkynyl Mannich reaction, and in some cases the yields were lower 
(Entries 5-8), the microwave conditions still showed some advantages. First, the reaction 
times were shortened compared to the normal alkynyl Mannich reaction (less than 30 
minutes vs. 24 h). Secondly, the microwave A3 reaction was a one pot multicomponent 
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reaction while the copper mediated Mannich reaction was carried out stepwise using 
premade imines. Given these advantages more effort was made to explore the microwave 
promoted A3 reaction.  
4-Chlorobenzaldehyde, in place of formaldehyde, was screened under different 
conditions (Table 2.6). Under some conditions, the desired cyclization precursor 36k was 
obtained (Entries 2,7,9-13), but the yields were always low (14-17%). Surprisingly the 
CuBr/4Å MS mediated A3 reaction worked under thermal conditions in 20 h (Entry 2) but 
not under microwave conditions (Entries 3 and 4). Fortunately, InCl3 and Cu(OTf)2 
mediated A3 reactions gave almost the same yields under microwave conditions, giving 
36k in low yield (16-17%). The presence of molecular sieves appeared to show little 
effect (compare Entries 7 and 9) for the In(III) reactions. 
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Table 2.6 A3 coupling reaction 
 
Different R1, R2 and R3 were examined under the optimized conditions with InCl3 
and Cu(OTf)2 to check if the activity would be better with different aldehydes and 
protecting groups (Table 2.7). Unfortunately, none of the other desired cyclization 
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precursors 36k were obtained. Variation of alkyl aldehydes (Entries 1-4) or aryl 
aldehydes with electron donating groups (Entries 5-6) did not give any positive results.  
Table 2.7 A3 coupling reaction with different substrate to prepare 36k 
 
 
As a result of this effort to install R3 substituents on the cyclization precursor using 
different aldehydes, only the cyclization precursor 36k (R3 = chlorobenzene) was 
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obtained in 17% yield. Furthermore, 36k was not cyclized under cobalt catalysis 
conditions, only a complex mixture as products was produced (Scheme 2.30). 
Scheme 2.30 
               
2.2.3.2 Substitution at the propargylic positions R3, R4 on 36k” 
Scheme 2.31 
 
Commercially available 2-methyl-3-butyn-2-amine (48b, R3=R4=Me) was chosen as 
the starting propargylic substituted amine. The synthesis of 36k” from 48 was routine as 
shown for the unsubstituted [2+2+2] cyclization precursors (Scheme 2.31). The yield of 
the Boc protection was low (20%) as expected due to the steric hindrance of the two 
methyl groups at the propargylic positions. In the alkynyl Mannich reaction, retro 
conjugate addition product 75 was observed as a major product (25%), with only 20% 
yield obtained of the Mannich product 36k” (Scheme 2.32). 
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Scheme 2.32 
 
2.2.3.3 Substitution alpha to the nitrile group R3 in 36m 
R3-Substituted α-aminonitriles 59 were chosen as starting materials to prepare the 
five-membered C-ring cyclization precursors 36m (Scheme 2.33). 1-Amino-1-
cyclopropanecarbonitrile 59b was commercially available, and served as a model in trial 
reactions. However, even though aminonitrile 59b could be propargylated with propargyl 
bromide 60 in low yield (26%), subsequent protection with a Boc group failed to produce 
the desired alkynyl nitrile 53b (Scheme 2.34).  
Scheme 2.33 
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Scheme 2.34 
           
Other attempts were also made to prepare substituted α-aminonitriles, such as 
treatment of tert-butyl (1-cyanopropyl)-carbamate (42c) with propargyl bromide (55) in 
the presence of base under various conditions in order to get alkynyl nitrile 59c (Scheme 
2.35). Neither NaH nor K2CO3 led to the desired product. A retro-Strecker reaction162 
presumably occurred under the forcing, basic conditions. 
Scheme 2.35 
                     
Milder conditions to obtain α-aminonitriles have been developed recently by Jung’s 
group163 using aliphatic or aromatic amines such as 80 and aldehydes or ketones 79, with 
trimethylsilyl cyanide (TMSCN) 76. α-Aminonitriles 78 could be prepared in the 
presence of palladium catalyst 77 in excellent yields (Scheme 2.36). The Onaka group 
also developed a Strecker reaction in neat conditions without a catalyst to synthesize α-
aminonitriles (Scheme 2.37).164 The key issue was the order of addition of the starting 
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reagents, which affected the yields. So it is still promising to find other ways to 
synthesize α-aminonitriles 77 in order to prepare steric cyclization precursors 36m. 
Scheme 2.36 
 
Scheme 2.37 
 
 
 2.2.3.4 Substitution alpha to the nitrile group R3 in 36n 
An alternative way to install substitution at the alpha-position to the nitrile groups in 
36n could be by conjugate addition of propargyl amine 48a with substituted acrylonitriles 
46 (Scheme 2.38). 2-Methylacrylonitrile (46b) and 2-chloroacrylnitrile (46c) were 
reacted under conjugate addition conditions with propargyl amine 48a and they gave 
completely different results. 2-Chloroacrylnitrile worked well in 90% yield, but 2-
methylacrylonitrile did not react at all to yield alkynyl nitriles (Scheme 2.39). The 
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electron withdrawing group of Cl promotes the reaction while the weakly electron 
donating methyl group suppresses the reaction. The following Boc protection worked 
well and produced the desired alkynyl nitrile 44g in 99% yield. Subjecting 44g to the 
copper mediated alkynyl Mannich reaction under the usual conditions gave 36n in 19% 
yield.  
Scheme 2.38 
 
Scheme 2.39 
        
With the cyclization precursors 36k, 36k”,36n in hand, the microwave promoted 
cobalt catalyzed cyclizations were attempted (Scheme 2.40). As anticipated, increased 
steric bulk hindered the cyclization of 36k” presumably due to the endo-positioning of 
  
68 
the substituents in the cyclization product, with 37k” produced in only 15% yield. In the 
case of 36k and 36n, no cyclization products were detected, though no starting materials 
were recovered either, only intractable residues were produced. For 36n, however, with 
all starting material was consumed, resulting in a major unidentified product. 
Scheme 2.40 
   
     
 
2.3 Selective deprotection of cyclized pyridazine product 
The deprotection of cyclized products started with Boc group removal in the 
presence of N-PMB for 37e. Traditional ways to remove the Boc group, for example, HCl 
in ether or the TFA/DCM system, were not successful (Scheme 2.41). Both conditions 
resulted in the consumption of starting pyridazine, with a complex mixture of unknown 
products. 
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Scheme 2.41 
 
Hydrogenation (H2, Pd/C) and oxidation (CAN) were also attempted to selectively 
remove the PMB group of the cyclized products 37b-e. However, none of these 
conditions produced the desired deprotection (Scheme 2.42, equiv1 and equiv2). A final 
effort using ACE-Cl in DCE, classically was used to deprotect silyl ethers,165 and 
successfully adapted by a former group member Dr. Feng Ni to remove PMB groups, was 
attempted. However, when the same conditions were applied to cyclized products 37d 
and 37e, there were no positive results (Scheme 2.42, equiv 3). The deprotection of the 
Bn group was also examined with pyridazine 37b by Mg/MeOH promoted by 
ultrasound.166 This effort failed as well (Eq 4). 
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Scheme 2.42 
      
Removal of the BOC group from the cyclization product 37h finally succeeded with 
TMSI,167 which resulted in the orthogonally deprotected product 87h. Following reaction 
of 87h with isocyanates, urea products 88 were produced in excellent yields. This result 
established that orthogonally protected annulated diazines such as 37h could be 
selectively deprotected for further diversification to generate a library of annulated 
diazines (Scheme 2.43). 
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Scheme 2.43 
 
2.4 Synthesis of tetracyclic pyridazines 
Tetracyclic systems with interior pyridazine rings could also be obtained from o-
iodophenols and o-cyanophenols, a strategy analogous to the benzofuran syntheses by 
Rh-mediated [2 + 2 + 2] cyclizations recently reported by Tanaka.168 Alkylation of o-
iodophenol with bromoacetonitrile gave nitrile 92 in 90% yield. Sonogashira coupling 
with various alkynylnitriles then produced cyclization precursor bisnitriles, 93a-d in 76 – 
92% yields. Finally, microwave promoted cyclization under the standard conditions 
yielded 94a –d with moderate to good yields (41- 90%) (Scheme 2.44). 
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Scheme 2.44 
 
The bisnitrile precursors for the tetracyclic core isomers 97a–b were formed 
beginning with alkylation of o-cyanophenol 95 with propargyl bromide (Scheme 2.45). 
The Cu(I) controlled alkynyl Mannich reaction then gave the cyclization precursors 97a-
b. Again, the Co(I) catalyzed cyclizations proceeded smoothly under microwave 
promotion to yield annulated pyridazines 98a and 98b in 80% and 74%, respectively. 
The bisnitrile precursor for the tetracyclic core isomer 97c was prepared slightly 
differently. The synthesis started with a Mitsunobu reaction of o-cyanophenol 95 with the 
chiral propargyl alcohols (S)-89b to give monochiral alkynyl nitrile (R)-96b (Scheme 
2.46). The Cu(I) controlled alkynyl Mannich reaction then gave the cyclization precursor 
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97c. Again, the Co(I) catalyzed cyclizations proceeded smoothly under microwave 
promotion to yield annulated pyridazines 98c in an excellent 90% yield.                                
Scheme 2.45 
                                                              
Scheme 2.46 
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2.5 Tricyclic Pyridazines with O, N-Tethering   
We next turned our attention to different tethering heteroatoms beginning with 
oxygen. Synthesis of O, N-tethered tricyclic pyridazine precursor 99 was attempted by a 
routine alkylnyl Mannich reaction of the iminium ion with ether tethered alkynyl nitrile 
90, producing 99a in 55% yield. However, this substrate decomposed in the cobalt 
catalyzed [2+2+2] cyclization conditions and failed to yield cyclized product 100a 
(Scheme 2.47).  
Scheme 2.47 
      
 
In order to understand why the O, N-tethered alkynyl bisnitrile 99a failed to cyclize, 
since tethering with a phenolic oxygen was successful (Scheme 2.44 and 2.45), 
cyclization precursors with different protecting groups (Boc 99b and Ts 99c) on the 
nitrogen other than PMB were attempted in order to reduce the nucleophilicity of the 
tethered nitrogen.   
A Mitsunobu reaction169 converted 2-butynediol (106) to phthalimide intermediate 
104. The low yield (29%) resulted from the difficult removal of triphenylphosphine 
oxide, and the double displacement product. However, the subsequent nucleophilic 
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addition and liberation of primary amine went smoothly, affording the alkynyl nitrile 
product 102 in 70% yield over two steps. Conjugate addition of the primary amine 102 
with acrylonitrile resulted in alkynyl bisnitrile 101 in a low yield of 33%. Following Boc 
protection, cyclization precursor 99b was successfully obtained in 40% yield, but Ts 
protection failed, resulting a complex mixture (Scheme 2.48). Application of the cobalt 
catalyst to 99b resulted in no [2+2+2] cyclization product with all starting material 
consumed. 
 
Scheme 2.48 
 
The reason for the failure of the N, O-tethered alkynyl bisnitriles to cyclize is 
unclear. The tetracyclic pyridazines 94 and 98 (Chart 2.7), were prepared from N, O-
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tethered bisnitriles, and both contained phenolic oxygens. Previous work from our group 
on tetrahydronaphthyridine series demonstrated that cyclized N,O-linked π-systems could 
be accessed, though this case with two alkynes (Chart 2.8). At this point, the lack of 
success in cyclizing N,O- linked alkyne bisnitrile is not understood. 
Chart 2.7 
                 
Chart 2.8 
                         
2.6 Summary 
The Co(I) catalyzed [2+2+2] cyclizations of bisnitriles linked through a central 
alkyne proceeded smoothly with a variety of precursors with N-N bond formation, 
leading to annulated pyridazines. Using this methodology, a total of sixteen new 
annulated pyridazines, including N, N-tethered tricyclic pyridazines and O, N-tethered 
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tetracyclic pyridazines, were prepared. Use of tethering nitrogens in the preparation of the 
cyclization precursors incorporates points for further diversification in the preparation of 
small molecule libraries, though so far only the Boc group was successfully deprotected 
by treatment with TMSI.  
The microwave mediated amine-alkyne-aldehyde (A3) coupling reaction was 
investigated to prepare cyclization precursors, which could install propargylic 
substitution on the alkynyl bisnitriles when different aldehydes were employed. However, 
only one sterically encumbered precursor was synthesized through this methodology, and 
in poor yield. This precursor would not cyclize in the presence of cobalt catalyst. The 
N,O- tethered tricyclic pyridazines were proved to be challenging precursors for 
cyclizations under microwave in the presence of cobalt catalyst.  
Table 2.8 shows the collection of pyridazine compounds synthesized by the 
microwave promoted cobalt catalyzed intramolecular [2+2+2] cyclization of alkynyl 
bisnitrile in the work. 
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Table 2.8 Collection of pyridazines by [2+2+2] cyclization  
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Chapter 3 Diels-Alder Reactions of Arynes and 1,2,4-Triazines 
3.1. Introduction to arynes and triazines 
3.1.1 Arynes 
   Arynes are very reactive intermediates in organic chemistry. The reduced overlap 
of in-plane p-orbitals as a result of geometric constraints, leads to a weaker triple bond in 
arynes, significantly lowering of the energy the aryne LUMO.170 The LUMO energy 
drops from 6.41 eV in 2-butyne 1 to 1.33 eV in benzyne 2 (Scheme 3.1), while the energy 
of the HOMO remains essentially unchanged according to computations. 171  
Scheme 3.1 
                       
Since the LUMO orbitals of arynes lie much lower than the LUMO of unstrained 
alkynes, they are a better energy match for the HOMO orbitals of nucleophiles. Hence, 
  
80 
arynes usually possess electrophilic character and undergo reactions with 
nucleophiles.171  An aryne as an intermediate was first speculated by Stoermer and 
Kahlert172 as early as 1902 in the reaction of 3-bromobenzofuran 3 forming 2-
ethoxybenzofuran 5 under basic conditions via 2,3-didehydrobenzofuran intermediate 4 
(Scheme 3.2).  
Scheme 3.2 
                
Historically, the scope of synthetic applications of aryne was somewhat limited by 
the harsh conditions required to produce the aryne species (Chart 3.1). Many of these 
methods required a strong base, such as n-BuLi (12,13), or high temperatures (9,10), or 
were heat and shock sensitive (6,7,8) However, the development of milder methods for 
the generation of arynes enabled employment in the synthesis of more complex 
polycyclic systems.  
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Chart 3.1  Aryne generation 
 
The Hexadehydro-Diels−Alder (HDDA)173 reactions of triynes to generate arynes is 
an example. Johnson174 reported the first example of triyne cyclizations to generate 
benzynes in 1997 (Scheme 3.3, equiv  1).  In this initial example, heating 1,3,8-triyne 14 
to 600°C at reduced pressure produced dihydrofluorene 16 in 86% yield. That same year, 
Ueda175and coworkers report a similar cyclization of tetrayne 17 (Eq 2). The presumed 
aryne intermediate could be generated at room temperature, and trapped with anthracene 
to produce cycloadduct 18 in 72% yield. 
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Scheme 3.3  
 
The advantage of the HDDA reaction is that arynes are generated thermally in the 
absence of other extraneous reagents, which allows for exploration of trapping reactions 
of the arynes (Scheme 3.4). Kekulé depiction 2a reveals the opportunity for assembly of 
the aryne via an HDDA process.173 
Scheme 3.4  
 
The HDDA reaction became a topic of significant acclaim after Hoye’s excellent 
work in 2012.173,176  In Hoye’s work, the cascade conversion of triyne 21 to naphthalide 
24 involved benzyne 22 and zwitterion 23 in the HDDA sequence (Scheme 3.5). The 
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trapping of an o-benzyne intermediate 22 generated in this fashion was then applied to a 
variety of inter- and intramolecular transformations, affording new approaches to 
potentially valuable benzenoid compounds.177 
Scheme 3.5  
 
Kobayashi’s mild protocol to generate arynes by treating 1-trimethylsilyl-2-aryl 
triflates 11 with a fluoride source first reported in 1983,178 has enabled a substantial 
development of aryne chemistry. Applications include cycloadditions, multicomponent 
couplings (MCCs),179 and insertion reactions (Chart 3.2).180 This protocol  has now 
become the most widely used method for the generation of arynes.                
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Chart 3.2 Aryne chemistry 
 
  The Diels-Alder reaction is prominent in aryne chemistry. Because of the 
pronounced electrophilicity, arynes usually participate as dienenophiles to react with 
electron rich dienes, such as furans,181 pyrroles,182  indenes,183 benzofurans,183 2-
vinylpyrroles,184 1,2-benzoquinones,185 and N-substituted imidazoles,186 allowing for 
various approaches to construct annulated  substituted arenes and heterocycles through 
the formation of new carbon-carbon or carbon-heteroatom bonds.   
Aryne Diels-Alder reactions with acyclic dienes is a useful method for the synthesis 
of functionalized 1,4-dihydronaphthalenes (Scheme 3.6).187 In these reactions, substrates 
with at least one electron-withdrawing substituent on the diene 24 (Y=Br, CO2Et) 
generally proceed favorably, indicating that a neutral or inverse electron-demand Diels-
Alder pathway might be operating. When the Y substituent was methyl group in the diene 
24, no desired product was observed with starting aryne consumed. 
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Scheme 3.6  
              
Xie and Zhang reported an interesting reaction of benzyne with N-substituted 
imidazoles which afforded a novel way to prepare 9-amino anthracenes under very mild 
conditions (Scheme 3.7).186 Following the initial cycloaddition of the aryne with the 
imidazole 26, a retro Diels–Alder reaction generated the intermediate isoindole 28 with 
loss of HCN. Then, a second Diels–Alder reaction of this intermediate with the aryne 
produced cycloadduct 29. Ring opening and intermolecular nucleophilic addition to 
excess aryne afforded the final products 30, in 47-62 % yield. 
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Scheme 3.7 
 
Heterocyclic arynes generated with silyltriflates under mild conditions, such as 
indolynes, benzofuryans and pyridynes, also garnered a lot of attention in the Diels-Alder 
reactions (Scheme 3.8).188-190 
Scheme 3.8 
 
Indole derivatives such as 43 were obtained through the generation of highly reactive 
indolyne intermediates 41, which function as electrophilic indole surrogates (Scheme 
3.9).191 
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Scheme 3.9 
              
The aza-Diels−Alder reaction (ADAR) of arynes has received only scant attention 
and remains largely unexplored. Such reactions, however, have been used to build 
isoquinoline or cinnoline structures. Synthesis of isoquinolines via the oxidative aza-
Diels−Alder reaction was reported by Castillo (Scheme 3.10).192 In a normal electron-
demand [4 + 2] aza-Diels−Alder cycloaddition, electron-rich N-aryl imines 45 were 
shown to react with arynes to produce isoquinoline core heterocycles 46 with the 
formation of two carbon−carbon bonds. Manganese dioxide was added to the reaction to 
aromatize to dihydropyridine intermediate in situ. 
Scheme 3.10  
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The application of arynes in ADAR chemistry has been extended to heteroaromatic 
azadienes, such as 1,2,4,5-tetrazines and 1,2,4-triazines. For work in this thesis, 1,2,4-
triazines are of particular interest. The energy gap between 1,2,4-triazine 44 and benzyne 
2 is shown in the following chart (Chart 3.3).193 The energy gap between LUMO of 
triazine and HOMO of benzyne is smaller than that of the HOMO of triazine and LUMO 
of benzyne. So theoretically it should be an inverse-electron-demand Diels-Alder 
(IEDDA) reaction involving triazine and benzyne. However, this energy gap of 8.80 eV, 
(849 KJ/Mol) is prohibitively large for productive chemistry. It was therefore anticipated 
that substitution by electron-withdrawing substituents on the triazine ring would be 
important to narrow this energy gap. 
 
Chart 3.3 
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3.1.2 IEDDA reactions of heteroaromatic azadienes in our group 
Our group has studied IEDDA of triazines and tetrazines since the 1980’s.194  Dr. 
Benson, in 1987, reported that the IEDDA of indoles 47 with dimethyl 1,2,4,5-tetrazine-
3,6-dicarboxylate (48) gave dimethyl 5H-pyridazino[4,5-b]indole-1,4-dicarboxylate (49) 
in good to excellent yields (Scheme 3.11).113  
Scheme 3.11 
             
In 1999, our group reported the intramolecular IEDDA cycloadditions of tryptamines 
with tethered heteroaromatic azadienes (tetrazines and triazines) (Scheme 3.12).  Indole 
and its derivatives were thus established as suitable dienophiles in this chemistry, 
allowing for the formation of a variety of polycyclic compounds 51.112,195 This chemistry 
was subsequently applied to the synthesis of several small molecule libraries, from which 
antiviral and antimalarial agents were discovered.196,197 For example, cycloadduct 51a 
showed broad activity against five malarial strains of plasmodium falciparum, all with 
IC50 = 0.6 µM. 
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Scheme 3.12 
 
In 2001 our group reported the intramolecular IEDDA reactions of pyridazino[4,5-
b]indoles formed from the IEDDA reaction of indole with tetrazines, with acetylenic 
dienophiles to yield the arylcarbazoles 54 with the regioselectivity required for the final 
closure of the E-ring of analogue of the staurosporine aglycone.198 Thus, this approach 
exploited the IEDDA reaction of indole with tetrazines (Scheme 3.13) with the 
regioselective tethering of an alkyne dienophile to prepare carbazoles. 
Scheme 3.13 
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Related work from our laboratory by Dr. Lahue focused on IEDDA reactions of 
imidazoles and 1,2,4-triazines, both intermolecular and intramolecular. The 
intramolecular IEDDA of 55 linked by a trimethylene tether from the imidazole N1 
position to the triazine C3 proceeded in excellent yields to produce 1,2,3,4-tetrahydro-
1,5-naphthyridines 57 (Scheme 3.14).94 Subsequently, this chemistry was applied to 
prepare a library of naphthyridines which showed anti-tuberculosis activity.199,200 
Scheme 3.14 
          
 
 
Research on the IEDDA reactions of isatin-derived 1,2,4-triazines with acetylenic 
dienophiles tethered by amidations or transesterifications 58 was completed in 2012 
(Scheme 3.15), proceeding in excellent yields to produce lactam- or lactone-fused α-
carbolines 59.201 This work also enabled the preparation of an 88-membered library of 
analogues. 
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Scheme 3.15 
            
All the work done by our group and others indicates that heteroaromatic azadienes 
were good diene partners for IEDDA reaction with alkynes and other dienophiles. In 
principal, the IEDDA reaction of arynes with 1,2,4-triazines 60 could lead to isoquinoline 
61 in one step (Scheme 3.16), which is an essential structure in many natural or drug 
products. Compared to traditional synthetic approaches to the isoquinolines which rely on 
a stepwise strategy,192 the IEDDA reaction could be of great advantage. This strategy 
initiated our study. However, the main concern was the large, predicted HOMO/LUMO 
gap between the triazine LUMO and aryne HOMO as earlier noted (see page 104). 
Scheme 3.16 
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3.2 Arynes and 1,2,4-triazines 
3.2.1 Diversity of triazines  
The Diels-Alder reaction of benzyne and 1,2,4-triazines was first reported in 1992 by 
António et al. (Scheme 3.17).202 Benzyne was generated in situ from anthranilic acid or 
1-aminobenzotriazole. Triazines with electron withdrawing groups were better Diels-
Alder reaction partners than the ones with neutral substituents. 
Scheme 3.17 
 
Our approach focused on the reaction of 3-thiomethyl triazines wih arynes. The 3-
thiomethyl group on the 1,2,4-triazines promised the potential of cross coupling reactions 
to diversify the trazines or the products on that position (Scheme 3.18). This substituent is 
also inductively neutral, with a Hammett σ-para= 0.00.  
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Scheme 3.18 
 
The triazine 60a was synthesized through the condensation of dioxosuccinic acid 
esters 63a with S-methylisothiosemicarbazide hydrogen iodide salt 64 (Scheme 3.19) 
according to procedure reported by Khurana and Kandpal.203 The low yield of the 
oxidation in the first step resulted in the low yield of the triazine 60a. Other routes to 
dimethyl dioxosuccinate 63a such as oxidation with chlorine gas are equally unappealing. 
Scheme 3.19 
 
The initial attempts to carry out the Diels-Alder reaction began with this triazine 60a 
with benzyne (Table 3.1).  The conditions screened are shown in the table. Various 
fluoride sources, TBAF, TBAT and CsF were all tried with o-trimethylsilyl phenyl 
  
95 
triflate 11 to generate benzyne. The optimal conditions for the IEDDA of benzyne and 
triazine used CsF as fluoride source, in acetonitrile as solvent at 80 °C for 4 h. The yield 
of isoquinoline 61a was 58%, with benzyne dimer as the major by-product (Entry 7). 
Higher or lower temperatures resulted in lower yield or almost no reaction, respectively 
(Entries 5,6 and 8) Changing the solvent from acetonitrile to THF resulted in no reaction 
(Entry 9). 
Table 3.1 Optimization of Diels-Alder reaction 
 
Four additional 1,2,4-triazines 60a-e were prepared by the cyclocondensation of 
amidrazines 64 with 1,2-diones 63 and examined in the cycloaddition with benzyne to 
expand the scope of this chemistry (Table 3.2). However, when these triazines were 
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reacted with benzyne in cycloaddition, none were successful other than 60a. Thus, 
electron-withdrawing group(s) on the triazines seemed to be critical to promote the 
reaction, presumably due to the lower triazne LUMO. 
Table 3.2 Triazine scope of Diels-Alder reaction  
 
In an effort to lower the LUMO of triazines, 3-(methylsulfinyl)-1,2,4-triazine (46f) 
and 3-(methylsulfonyl)-1,2,4-triazine (46g) were obtained by the oxidation of 3-
thiomethyl triazine (46d) with m-CPBA (Scheme 3.20). The oxidation always gave the 
sulfone and sulfoxide as readily separable mixtures. The chemoselectivity was related to 
the reaction temperature, with sulfoxide as the major product at low temperature (-40 °C), 
and sulfone the major product when the temperature increased to 0 °C. Allowing the 
reaction to proceed at room temperature gave lower overall yield.  
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Scheme 3.20 
 
An alternative route to triazinylsulfones was also pursued. 3-Chloro-5,6-diphenyl-
1,2,4-triazine (60h) was prepared by treatment of 3-oxo-5,6-diphenyl-2,3-dihydro-1,2,4-
triazine (66h) with phosphoryl chloride (Scheme 3.21).204 This triazine was further 
transformed into 5,6-diphenyl-3-(p-toluenesulfonyl)-1,2,4-triazine (60i) by treatment 
with sodium p-toluenesulfinate in DMF in 88% yield. 
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Scheme 3.21 
 
With triazines with electron-withdrawing groups 60f-i in hand, Diels-Alder reactions 
with benzyne were examined (Table 3.3). Neither the sulfoxide- nor the sulfonetriazine 
were successful in the Diels-Alder reaction. The 3-chloro-5,6-diphenyl-triazine 60h and 
3-(p-methylsulfonyl)-5,6-diphenyl triazine 60i worked in moderate to low yields (Entries 
3 and 4).  These results, along with those seen in Table 3.2, suggested that only triazines 
with 5- or 6-substituents could readily participate in Diels-Alder reactions with arynes. 
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Table 3.3 Triazines with electron withdrawing group in Diels-Alder reaction 
          
Given the success with 60h, 3-chlorotriazines with other R5 and R6 substituents were 
sought. Unfortunately, 3-chlorotriazines 60j-l could not be obtained through similar 
routes (Scheme 3.22). In these cases, treatment of the 3-triazinones 66j-l with phosphorus 
oxychloride all failed to produce the desired 3-chlorotriazine 60j-l. The reason for the 
failure was not clear. With the failure of equiv 1 and equiv 2, it was thought that if one or 
both of the 5,6-positions was unsubstituted, the triazines (60j, 60k) might be not stable 
under acidic conditions. However, the failure in making 60l with the 5,6-dimethyl group 
is difficult to explain. 
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Scheme 3.22 
 
 
3.2.2 Liebeskind–Srogl Cross Couplings 
Our next objective was to further expand the scope of these triazines as well as 
arynes in the cycloadditions.  One route to diversify triazines was through cross coupling 
reactions of a thiomethyl group with arylboronic acids to change the thiomethyl to aryl 
groups. Transition metal-catalyzed cross-coupling reactions have had an enormous 
impact on C–C bond formations in heterocyclic synthesis. Suzuki–Miyaura, Heck, and 
Negishi reactions have been applied in a vast variety of synthetic sequences involving 
heterocyclic scaffolds with great success. The Liebeskind–Srogl reaction was developed 
in 2000, in which thioesters 68 were reacted with a series of boronic acids 69 to give 
ketones 70 in good yields with palladium (0)-catalysis and stoichiometric amounts of a 
copper salt, such as copper(I) thiophene-2-carboxylate (CuTC) (Scheme 3.23). 205,206 
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Scheme 3.23 
 
It was subsequently reported that electron-deficient heteroaromatic thioethers 71 
underwent efficient palladium-catalyzed cross-coupling with boronic acids mediated by 
CuTc (Scheme 3.24). The enhanced reactivity of heteroaryl thioethers can be rationalized 
in terms of the electron deficiency at the carbon center attached to the leaving group 
(usually SMe) of the heteroaromatic core, which incorporates an electronegative atom (N 
or S) in the α-position to the sulfide group.205 3-Thiomethyl-1,2,4-triazines perfectly meet 
these structural requirements. 
  
102 
Scheme 3.24 
 
The Liebeskind–Srogl reactions of 3-thiomethyl triazines and phenyl boronic acid 
were examined under conventional thermal conditions listed in the table below (Table 
3.4). Even though some conditions were successful (Entries 3, 4 and 5), they required 
long reaction times (12 h to days) to deliver the desired compounds in moderate to good 
conversion ranging from 50-100%, along with unidentified side products.  What was 
more, the reaction seemed to be substrate specific. When the same conditions (Entry 3) 
were applied to triazines where R5 or R6 was H substituent, the reaction never succeeded 
(Entries 2, 6 and 7). 
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Table 3.4 Thermal Liebeskind–Srogl reactions 
 
Microwave promoted Liebeskind–Srogl reactions have also been reported as good 
complements to convention heat conditions to improve conversions.207-210 Therefore, 
microwave irradiation was examined. 3-Thiomethyl-5,6-dihydro-1,2,4-triazine (60d) was 
first examined with phenyl boronic acid (74a) under microwave conditions, in the 
presence of of Pd(PPh3)4 (20 mol %) and copper thiophene-2-carboxylate (CuTC) (2.0 
equiv) as the catalytic system, applying a ceiling temperature of 130 °C at 200 W for 2 h 
(Scheme 3.25). Significant amount of starting 1,2,4-triazine 60d was found to be still 
present after the reaction, and led to inseparable mixture with the coupling product 60’b.  
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Scheme 3.25 
          
Higher temperature (180 °C) was then applied to the microwave promoted 
Liebeskind–Srogl reactions of various triazines and boronic acids (Table 3.5). Moderate 
to good yields of products were obtained. The only problem was that the 3-thiomethyl-
triazine 60d with 5,6-unsubstituted still did not go to completion and resulted in an 
inseparable mixture of starting material and product (Entry 5), similar to conventional 
thermal conditions. The cross coupling with more electron-rich boronic acids (Entries 2, 
3, 5, 7, 9) gave lower yields compared to more electron-deficient boronic acids (Entries 4, 
8).  
Table 3.5 Microwave promoted Liebeskind–Srogl reactions-to be continued 
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 Table 3.5 Microwave promoted Liebeskind–Srogl reactions-continued          
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Coupling product 60’f was then applied in the Diels-Alder reaction with benzyne and 
gave the desired cycloaddition product 61’f in 60% yield (Scheme 3.26, equiv 1). This 
reaction was compared to the Liebeskind–Srogl reaction of isoquinoline 60a with phenyl 
boronic acid, which resulted in the same final product 61’f in 58% yield (Eq 2). Both 
routes gave the similar overall yields (~50%) to produce isoquinoline 61’f. 
Scheme 3.26 
                        
The Diels-Alder reactions of select triazines with benzyne were them examined 
(Scheme 3.27). These results indicated that electron withdrawing groups on the triazines 
promote the IEDDA, as long as C5 and C6 were substituted.  We rationalized that 
electron withdrawing groups on the triazines lower the LUMO and decrease the energy 
gap with the HOMO of benzyne.  Therefore, an increase in the HOMO of the aryne 
should also promote the cycloaddition, and this was next examined. 
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  Scheme 3.27 
 
3.2.3 Diversity on arynes 
The common way to increase the HOMO of dienophile is to add electron donating 
groups onto the reacting π-system. Raising an aryne HOMO, which is primarily located 
on the π -cloud orthogonal to the aromatic π-system, is not so easily accomplished. Aryne 
precursor 77 was targeted with the hope that raising the aryl π-cloud would raise the 
aryne π as well. The synthesis of aryne precursor 77 was achieved by a procedure similar 
to that reported by Pérez and Guitián211 as shown in the Scheme 3.28. Thus, aryne 
precursor 77 was generated through commercially available aryl bromide 75 and treated 
with CsF in the presence of triazines 60. Unfortunately, no desired cycloaddition product 
was obtained (Table 3.6). It was surprising that neither 3-chloro-5,6-diphenyl-triazine 
60h nor 61a showed any reaction with aryne, since both triazines had shown good 
reactivity with benzyne. 
  
108 
Scheme 3.28 
 
Table 3.6 Diels-Alder reaction of aryne with triazines 
 
An alternative route to the 3,4-dimethoxybenzyne was also examined for a potential 
Diels-Alder reaction with triazines, beginning with anthranilic acid 78 (Scheme 3.29). 
3,4-Dimethoxyanthranilic acid (78) was treated with isoamylnitrite to produce 
benzenediazonium-2-carboxylate 79, which can generate the aryne by heating in DCE. 
This method of aryne generation was first checked with the known reaction with furan 
80, and the Diels-Alder reaction product 81 confirmed the generation of aryne, albeit in 
low yield (20%).  But, when this aryne methodology was applied in the Diels-Alder 
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reaction with triazines 60e-g, no desired product was observed.  With triazine 60g, only a 
trace amount of product 61”g could be isolated and characterized. 
Scheme 3.29 
 
It was unfortunate that neither the dimethoxy, nor the methylenedioxy substitution 
on the arynes could promote the Diels-Alder reaction with triazines.  However, aryne 
precursors (82,83) were also prepared and subjected to aryne generation conditions in the 
presence of triazine 60a to double check the Diels-Alder reaction with traizine 60a. 
Unfortunately, no desired reaction product was observed under the same conditions. 
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Chart 3.4 
             
 
3.2.4 Pyridyne 
To date only a limited number of benzyne reactions with triazines have been 
demonstrated. The Garg group reported DFT calculations which indicated that 3,4-
pyridyne  has approximately the reactivity as benzyne,212 accordingly this heteroaryne 
was next considered. 
Pyridynes were first postulated by Levine and Leake in 1955.213  Castedo et al. 
reported a modified approach to ellipticine 88 by introducing chloro-substituents into the 
3,4-didehydropyridyne dienophile to control the cycloaddition with indoloisobenzofuran 
84.214 2-Chloro-substituent pyridyne 85 improved the yields and gave slightly better 
regioselectivities (2.4:1) in the cycloaddition and the overall efficiency of the synthesis of 
ellipticine (Scheme 3.30). Thus, pyridynes were next examined. 
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Scheme 3.30 
 
The 3,4-pyridyne precursor 92 was obtained followed literature protocols (Scheme 
3.31).215 3,4-Pyridyne was then accessed from pyridylsilyltriflate precursor 92 using mild 
fluoride-based reaction conditions.  The production of pyridyne was confirmed by 
reacting with furan to yield the cycloadduct 91. However, no reaction occurred with 
1,2,4-triazines 60. 
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Scheme 3.31 
 
 
3.2.5 Metal catalyst in Diels-Alder reactions of arynes 
With the very limited success in the cycloaddition of arynes with triazines, we turned 
our attention to the use of transition metal catalysts. In 1967, Friedman had reported that 
the reactions of arynes could be promoted using silver ions (Ag+) in benzene as 
solvent.216,217 Different product distributions were observed depending on the amount of 
AgClO4 (Scheme 3.32). The dimerization product 97 disappeared when the amount of 
silver ion was 1.27 mol%, also with a decrease of [4+2] cycloaddition product 98a. 
Mechanistically, the biphenyl (95) was thought to arise via a Friedel-Crafts reaction with 
Ag (I)-benzyne complex. However, the Diels-Alder reaction product 98b was later 
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reported as the major product when an electron withdrawing group was on the benzene as 
a reaction partner with benzyne in 1977 (Scheme 3.33).218 
Scheme 3.32 
         
            
Scheme 3.33 
           
With this background, Lewis acids AgClO4, AgBF4 and Ni(acac)2, the latter a known 
azaphile, were examined in Diels-Alder reactions of benzyne and triazines. 
Unfortunately, none of them promoted the Diels-Alder reaction (Table 3.7).  However, 
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when AgBF4 was applied in the reaction, a major product was isolated with the mass 
peak at m/z = 356, which is the sum of benzyne and triazine. It was assumed to be the 
insertion product 100, which is common when aryne was reacted with nucleophiles. 
Literature reports of aryne insertions into σ-bonds are well known (examples listed in 
Table 3.8). 219-222 Unfortunately, we were unable to fully characterize this major product, 
so the structure of 100 remains unconfirmed.  
Table 3.7 Silver ions promoted Diels-Alder reaction 
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Table 3.8 Literature reported examples of aryne insertions into σ-bonds  
                 
5,6-Unsubstituted-1,2,4-triazines were also examined in the reaction in the presence 
of silver ion (Scheme 3.34). Neither the Diels-Alder nor insertion product was produced. 
Scheme 3.34 
 
With the lack of success of AgBF4 catalysis, other catalysts were also considered. 
The Pd(OAc)2-Xantphos system was then applied in the system (Table 3.9).220  The same 
product, tentatively assigned as the insertion product, was observed with several 
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substrates (Entries 1 and 2), along with trace amounts of Diels-Alder products (Entries 3 
and 4), but the yields were too low to isolate.  
Table 3.9 Palladium promoted Diels-Alder reaction 
 
3.2.6 Aaptamine analogues and C-H amination 
Aaptamine (101a) and its congeners structures 101b-e are marine alkaloids, which 
contain a benzo[de][1,6]-naphthyridine framework and show remarkable 
pharmacological properties (antiviral, antimicrobial, antifungal, antiparasitic, 
antidepressant, antifouling).223 Aaptamine (101a) is the most common and is widely 
distributed among marine sponges, initially reported by Nakamura et al. from the marine 
sponge Aaptos aaptos, collected off the shores of Okinawa.224-226 There have been several 
approaches to synthesize the aaptamines.224 Generally, the syntheses of aaptamine follow 
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two pathways: one employs isoquinolines as key intermediates (AB–C) and the other 
uses quinolines as key intermediates (AC–B) (Scheme 3.35). 
Scheme 3.35 
                   
The first synthetic studies toward aaptamine were reported by Pelletier and Cava in 
1985 through an AB-C pathway (Scheme 3.36).227 An overall of 7.9% yield was obtained 
starting with dihydroisoquinoline 104, which was converted to isoquinolinolactam 108 
after selective demethylation, followed by nitration, maleate addition, decarboxylation 
and hydrogenation. The reduction by B2H6 transformed the lactam 108 to 
hexahydroaaptamine 109, which followed by Pd/C dehydrogenation to obtain aaptamine 
101a. 
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Scheme 3.36 
 
Tollari’s group developed an efficient synthesis toward aaptamine in 1987, utilizing 
a vinylnitrene intermediate 114, which was generated by treating nitroolefin 112 with 
triethylphosphite under refluxing conditions. The C-ring could then be constructed in 
58% yield (Scheme 3.37).228 
Scheme 3.37 
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The 1,5-naphthyridine core structure is intriguing to us in general, given our work on 
these heterocycles. Our immediate goal was to prepare benzo anologues of aaptamine 
101” via an aryl nitrene insertion, which was proposed to have similar reactivity as 
nitroolefin in terms of nitrene generation and insertion (Scheme 3.38). In this approach, 
this structure 61m could be prepared utilizing the Liebeskind–Srogl cross coupling 
methodology we have developed. An IEDDA reaction of an aryne and a triazine would 
then build the isoquinoline system. 
Scheme 3.38 
 
Initially, the original synthesis of simplified aaptamine analogue 101’ was repeated 
to validate the strategy and use of a vinylnitrene intermediate in construction of the C 
ring of aaptamine analogues (Scheme 3.39). The synthesis started with 1-
methylisoquinline (116), which was converted to 1-carbaldehydeisoquinoline (117) by 
oxidation. The following steps were identical to Tollari’s aaptamine synthesis. To our 
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surprise, no aaptamine analog product 101’ was observed, and pyrazole 119 was the only 
product obtained in the reaction.  
Scheme 3.39 
 
3-Nitrophenyl isoquinoline 122 was then prepared through a Suzuki cross coupling 
reaction of iodoisoqunoline 120 with boronic acid 121 to check the nitrene reaction 
(Scheme 3.40). Once again, a pyrazole, 123, was obtained as the sole product with no 
nitrene C-H insertion product observed. 
Scheme 3.40 
 
With the failure of the desired nitrene ring closure, new approach was needed to 
close the C ring of aaptamine. One strategy considered was through the C-H amination, 
which would be also convenient to introduce a variety of R substitution on the nitrogen 
(Scheme 3.41). 
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Scheme 3.41 
                          
The formation of C-N bonds via a Pd-catalyzed cross coupling reactions of an aryl 
halide with amines was first reported in 1983 both by Boger and Panek229, as well as 
Migita and coworkers.230 This chemistry was further developed independently by 
Buchwald and Hartwig in the mid-1990s. This methodology, the Buchwald-Hartwig 
coupling, is now considered the state-of-the-art for the formation of C(sp2)–N bonds. 231 
In traditional C-H activation, metallated intermediates display mostly a nucleophilic 
character (Scheme 3.42). A new trend in C-H activation, however, is the coupling of a C-
nucleophile with a N-nucleophile. Though challenging, this approach is quite attractive 
because it does not require any pre-activation steps of either C–H or N–H coupling 
partners as in the traditional C-H activation. Only an external oxidant is required in order 
to scavenge the formal H2 by-product during the formation of the C–N bond. 
Scheme 3.42 
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Scheme 3.43 shows the examples of traditional C-H activation done by the Li group 
(Eq 1)232 and new C-H activation done by the Buchwald group (Eq 2).233 Among the 
known catalysts, Pd,234,235 Cu,236,237 Ru,238 and Co,239 are the most widely used. Metal 
free C-H activation has also been reported, which was believed to react through a radical 
pathway (Eq 3).240-242 
Scheme 3.43 
      
In Table 3.10 are listed all the conditions attempted for C-H activation to forming the 
C-N bond. None of protocols gave the desired products, recovering only the starting 
materials. In entry 8, the starting isoquinoline was oxidized to pyridinium 121d, hoping 
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to avoid the possible chelation of nitrogen to the metal catalysts. Still no desired product 
was obtained in the presence of the Pd catalyst. 
Table 3.10 C-H amination with various conditions 
          
Other reported catalysts and conditions for C-H insertion have not yet been 
examined in the internal amination reaction. The C-H activation of the substrate is still 
promising to build aaptamine analogues which requires further research and experiments. 
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3.2.7 Intramolecular IEDDA and aaptamine 
All the work described above related to the intermolecular cycloaddition of arynes 
and 1,2,4-triazines was met with only limited success. The most reactive triazines were 
those with electron withdrawing groups, and benzyne was found out to be the best 
reaction partner. An intramolecular Diels-Alder reaction of arynes and triazines was also 
considered as a possible approach to aaptamine and its congeners. Scheme 3.44 shows 
the retrosynthesis of aaptamines through this approach. The IEDDA precursor 133, with 
aryne and triazine tethered by an ethyl amino group, could be obtained by converting 
cyanide 134 to a triazine. The o-trimethylsilyl triflate could be formed through normal 
methodology. 
Scheme 3.44 
 
The synthesis started with gallic acid 137, which was easily converted to methyl 7-
hydroxybenzo[d][1,3]dioxole-5-carboxylate 139 by esterification and  treating with 
CH2I2 under basic conditions (Scheme 3.45). Benzodioxole 139 was converted to triflate 
140 using microwave promotion. The subsequent Pd coupling of triflate to amino group 
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is yet to be successful. The formation of 136 from 141 would encounter regioselectivity 
upon the treatment with n-BuLi and TMSCl (TMS is possible to be on the ortho or para 
position to amino group). Given the trivial route to precursor 133, this approach was 
abandoned. 
Scheme 3.45 
 
 
3.3 Conclusion 
The intermolecular inverse-electron-demand Diels-Alder reaction of arynes and 
1,2,4-triazines has been explored. Triazines with electron withdrawing group(s) were 
found to be most active in the reaction. However, only benzyne was the suitable reaction 
partner. Other arynes with electron-donating and -withdrawing groups, as well as 
pyridynes, did not react with any triazines. Side projects of Liebeskind–Srogl reactions 
for diversifying 3-thiomethyl 1,2,4-triazines were successful. More work remains, 
however, to achieve the synthesis of an aaptamine analogue library. 
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Chapter 4 Experimental 
4.1  General Methods 
The 1H NMR and 13C NMR spectra were recorded at 117.42 kG (1H 500 MHz, 13C 
125 MHz), or 93.94 kG (1H 400 MHz, 13C 100 MHz) at ambient temperature as noted. 
Hydrogen chemical shifts are expressed in parts per million (ppm) relative to the residual 
protio solvent resonance: CDCl3 δ 7.26, benzene-d6 δ 7.16, acetone-d6 δ 2.05. For 13C 
spectra, the centerline of the solvent signal was used as internal reference: CDCl3 δ 77.00. 
Unless otherwise noted, each carbon resonance represents a single carbon (relative 
intensity). All exchangeable OH and NH hydrogen resonances were confirmed by D2O 
exchange. High resolution mass spectrometric data were obtained on a QToF (hybrid 
quadrupolar/time-of-flight) API US system by electrospray (ESI) in the positive ion 
mode. Mass correction was done by an external reference using a lockspray accessory. 
Mobile phases were water and acetonitrile (1:9) with 0.1% formic acid. With a flow rate 
of 0.2 mL/min. The MS settings were: capillary voltage 3kV, cone voltage 35, source 
temperature 120 °C and desolvation temperature 350 °C unless otherwise noted. Flash 
chromatography was performed on silica gel-60 (43-60 µm). A silica gel plug refers to a 
short pad of silica gel through which crude materials are quickly eluted in a single 
fraction using a mobile phase that gives the desired compound at an Rf  near 1.0. The 
following solvents were freshly distilled immediately prior to use: THF distilled from 
sodium/benzophenone, CH2Cl2 distilled from calcium hydride. Other commercially 
available starting materials and anhydrous solvents were used without further purification. 
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 Experimental 
4.2.1 Chapter 2 Experimental 
General procedure A. Alkynyl Mannich reactions.151,243 A solution of aminonitrile 
(1.0 equiv), paraformaldehyde (120 mg/mmol, 1.0 equiv) and p-toluenesulfonic acid (1.0 
equiv) in DCM (3 mL) sealed in a 10 mL thick-walled microwave pressure tube (CEM 
Corporation) purged with nitrogen, was heated to 60 °C with stirring for 6 h, the the 
solvent was removed in vacuo to give a crude residue of iminium. Alkynylnitrile (1.0 
equiv) dissolved in a THF and DMF mixed solvent (THF: DMF, 2:1, 3 mL) together with 
CuBr (0.5 equiv) were added to the crude iminium ion. The mixture was heated with 
stirring at 70 °C for 24 h. The reaction was quenched with water (10 mL), then extracted 
with EtOAc (3×10 mL). The combined organic layers were washed with saturated brine, 
dried over Na2SO4. After the filtration, the solvent was removed in vacuo. The residue 
was purified by flash chromatography to yield bisnitriles. 
General General Procedure B. Sonogashira couplings of 2-(2-
iodophenoxy)acetonitrile and corresponding alkynylnitriles.244  A sealed microwave 
tube was charged with tetrakis(triphenylphosphine) palladium (5 mol%) and copper 
iodide (10 mol%). The degassed solution of aryl iodide (1.0 equiv) and alkyne (1.2 equiv) 
in iPr2NH (1 mL) were added at rt under argon. After stirring for 2 h at rt, the reaction 
was filtered through a short silica gel plug and the solvent were removed in vacuo. The 
crude residue was purified by flash chromatography. 
General Procedure C. Microwave Promoted Cobalt-Catalyzed [2+2+2] Cyclizations. 
All reactions were run in sealed 10 mL thick-walled microwave pressure tubes (CEM 
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Corporation) purged with nitrogen in a CEM Discover microwave reactor. The catalyst 
CpCo(CO)2 (0.2 equiv, 20 mol%) was added to a chlorobenzene solution (2 mL) of the 
alkylnylbisnitriles (1.0 equiv). The resulting solution was subjected to microwave 
irradiation at 300W, 180 °C for 15 min with stirring. After irradiation, the crude was 
purified by flash chromatography to yield cyclized product. 
3-(Prop-2-yn-1-ylamino)propanenitrile (47a). Acrylonitrile (1.99 mL, 28 
mmol, 1.0 equiv) and propargylamine (2.0 mL, 1.1 equiv) were stirred in 
anhydrous MeOH (10 mL) at rt for 12 h. The volatile components were 
removed in vacuo. Purification of the residue by flash chromatography gave 47a as a 
yellow oil (pet ether: EtOAc, 1:1, Rf 0.15; 3.0 g, 99% yield): IR (NaCl) 3414, 3293, 
2251, 2105 cm-1; 1H NMR (400 MHz, CDCl3) δ 3.47 (d, J = 2.3 Hz, 2H), 3.00 (t, J = 6.6 
Hz, 2H), 2.54(t, J = 6.6 Hz, 2H), 2.26 (t, J = 2.3 Hz, 1H), 1.61(br s, NH);  13C NMR (75 
MHz, CDCl3) δ 118.8, 81.4, 72.4, 43.9, 37.8, 18.7;  HRLCMS (ESI) m/z 109.0761 
([M+H]+, 100%) calc’d for C6H9N2 109.0766. 
 
3-((2-Methylbut-3-yn-2-yl)amino)propanenitrile (47b). Acrylonitrile 
(0.68 mL, 10.5 mmol, 1.1 equiv) and 3-methyl-3-butyne-2-amine (1.0 
mL, 9.5 mmol) were stirred in anhydrous MeOH (2 mL) at rt for 2 d. The volatile 
components were removed in vacuo. Purification of the residue by flash chromatography 
gave 47b as a clear oil (hexane: EtOAc, 6:1, Rf 0.33; 1.9 g, 99% yield): IR (NaCl) 3289, 
2980, 2868, 2249, 1187, 644 cm-1; 1H NMR (500 MHz, CDCl3) δ 2.99 (t, J = 6.7 Hz, 
2H), 2.53 (t, J = 6.7 Hz, 2H), 2.30 (s, 1H), 1.37 (s, 6H); 13C NMR (125 MHz, CDCl3) δ 
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118.7, 88.1, 70.3, 49.4, 39.9, 29.4 (2C), 19.3; HRLCMS (ESI) m/z 137.1079 ([M+H]+, 
100%) calc’d for C8H12N2 137.1080. 
2-Chloro-3-(prop-2-yn-1-ylamino)propanenitrile (47d). 2-
Chloroacrylonitrile (0.14 mL, 5.0 mmol) and propargylamine (0.14 mL, 6.0 
mmol, 1.2 equiv) were stirred in anhydrous MeOH (4 mL) at rt for 12h. The 
volatile components were removed in vacuo. Purification of the residue by flash 
chromatography gave 47d as a clear oil (hexane: EtOAc, 4:1, Rf 0.68; 148 mg, 12% 
yield): IR (NaCl) 3296, 2980, 225, 655 cm-1; 1H NMR (500 MHz, CDCl3) δ 4.60 (t, J = 
6.5 Hz, 1H), 3.54 (dd, J = 2.4, 1.3 Hz, 2H), 3.35 – 3.20 (overlap, 2H), 2.29 (t, J = 2.4 Hz, 
1H), 1.75 (s, 1H);  13C NMR (125 MHz, CDCl3) δ 116.5, 81.0, 72.6, 52.3, 42.5, 37.7; 
HRLCMS (ESI) m/z 165.0195 ([M+Na]+, 100%) calc’d for C6H7N2ClNa 165.0195. 
 
2-(Prop-2-yn-1-ylamino)acetonitrile (52a). Propargylamine (0.5 mL, 7.82 
mmol, 1.0 equiv), 2-bromoacetonitrile (0.63 mL, 1.2 equiv) and di-iso-
propylethylamine (1.63 mL, 1.2 equiv) in anhydrous THF (10 mL) were refluxed for 8 h. 
After cooling, the reaction was diluted with EtOAc (10 mL) and extracted with brine (10 
mL). The organic layer was dried over sodium sulfate, the solvent decanted, then 
removed in vacuo. The residue was pure 52a and was used in the next step without 
further purification (clear oil, TLC, hexane: EtOAc, 1:1, Rf 0.53; 742 mg, 100% yield): 
IR (NaCl) 3290, 2238, 2119 cm-1; 1H NMR (400 MHz, CDCl3) δ 3.72 (s, 2H), 3.59 (d, J 
= 2.4 Hz, 2H), 2.32 (t, J = 2.4 Hz, 1H), 1.61( br s, NH);  13C NMR (75 MHz, CDCl3) δ 
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117.4, 79.7, 73.2, 37.3, 35.8;  HRLCMS (ESI) m/z 95.0607 ([M+H]+, 100%) calc’d for 
C5H7N2 95.0609. 
3-(But-3-yn-1-ylamino)propanenitrile (54). Acrylonitrile (1.6 mL, 10 
equiv) and but-3-yn-1-amine (0.2 mL, 2.44 mmol, 1.0 equiv) were 
reacted in anhydrous MeOH (10 mL) at 50 °C for 8 h. After cooling, the 
volatile components were removed in vacuo. Purification of the residue by flash 
chromatography gave 54 as a light yellow oil (pet ether: EtOAc, 1:1, Rf 0.12; 70 mg, 21% 
yield): IR (NaCl) 3290, 2248, 2115 cm-1; 1H NMR (400 MHz, CDCl3) δ 2.98 (t, J = 6.6 
Hz, 2H), 2.83(t, J = 6.4 Hz, 2H), 2.54 (t, J = 6.6 Hz, 2H), 2.41 (dt, J = 6.4, 2.8 Hz, 2H), 
2.03 (t, J = 2.8 Hz, 1H), 1.61( br s, NH);  13C NMR ( 75 MHz, CDCl3) δ 118.7, 82.0, 
70.2, 47.3, 44.6, 19.7, 18.9;  HRLCMS (CI, NH3) m/z 123.0933 ([M+H]+, 15%) calc’d 
for C7H11N2 123.0922. 
 
 4-(Prop-2-yn-1-ylamino)butanenitrile (58). Propargylamine (0.2 
mL, 3.0 mmol, 2.0 equiv), 4-bromobutanenitrile (0.15 mL, 1.5 mmol) 
and triethylamine (0.42 mL, 3.0 mmol, 2.0 equiv) were stirred in anhydrous THF (7 mL) 
at rt for 8 h. The reaction was diluted with EtOAc (10 mL) then extracted with brine (10 
mL). The organic layer was dried over sodium sulfate, then the solvent was decanted and 
removed in vacuo. The residue was pure 58 and was used in the next step without further 
purification (light yellow oil, TLC, hexane: EtOAc, 3:1, Rf 0.1, 36 mg, 20% yield):  IR 
(NaCl) 3288, 2937, 2247, 1121cm-1; 1H NMR (500 MHz, CDCl3) δ 3.42 (d, J = 2.4 Hz, 
2H), 2.83 (t, J = 6.7 Hz, 2H), 2.46 (t, J = 7.2 Hz, 2H), 2.22 (t, J = 2.4 Hz, 1H), 1.82 
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(quint, J = 6.9 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 119.6, 73.6, 51.6, 41.2, 23.1(2C), 
14.8. 
 
 3-(Benzyl(prop-2-yn-1-yl)amino)propanenitrile (44a). To the mixture of 
aminonitrile 47a (164 mg, 1.74 mmol, 1.2 equiv) and K2CO3(400 mg, 2.0 
equiv) in THF (5 mL) was added benzyl bromide (248 mg, 1.0 equiv) in 
THF (2 mL) at rt, and then refluxed for 20 h. The reaction was quenched with H2O (10 
mL) and extracted with EtOAc (3×10 mL). Then combined organic layers were dried 
over Na2SO4, the solvent then decanted and evaporated in vacuo. The residue was 
purified by flash column to give 44a as a yellow solid (TLC, hexanes: EtOAc, 6:1, Rf 
0.43, 80 mg, 30% yield): IR (NaCl)  3287, 3028, 2925, 2840, 1453, 738 cm-1;  1H NMR 
(500 MHz, CDCl3) δ 7.38-7.26 (overlap, 5H), 3.70 (s, 2H), 3.38 (d, J = 2.5 Hz, 2H), 
2.90(t, J = 7.0 Hz, 2H), 2.51( t, J = 7.0 Hz, 2H), 2.27( t, J = 2.5 Hz, 1H);  13C NMR (126 
MHz, CDCl3) δ 137.9, 129.0 (2C), 128.5 (2C), 127.6, 118.7, 77.8, 74.0, 57.7, 48.7, 41.5, 
16.8; HRMS (ESI) m/z 199.1234 ([M+H]+, 100%), calc’d for C13H15N2 199.1235. 
 
N-(2-Cyanoethyl)-4-methyl-N-(prop-2-yn-1-yl)benzenesulfonamide 
(44b). Aminonitrile 47a (557 mg, 5.16 mmol, 1.0 equiv) and Et3N (0.79 ml, 
1.1 equiv) were dissolved in DCM (10 mL) and cooled to 0 ℃, then a 
solution of TsCl (1.2 g, 1.2 equiv) in DCM (5 mL) was added dropwise under nitrogen. 
The resulting mixture was allowed to warm to rt, then stirred for 12 h. The cloudy 
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solution was then diluted with DCM (10 mL) and the mixture washed with 1N HCl (10 
mL) aqueous solution, 1N NaOH (10 mL) and brine (10 mL). Then combined organic 
layers were dried over Na2SO4, the solvent then decanted and evaporated in vacuo. The 
residue was purified by flash column to give 44b as a white solid (TLC, hexanes: EtOAc, 
8:1, Rf 0.1, 126 mg, 71% yield): IR (NaCl) 3265, 1348, 1330, 1160 cm-1; 1H NMR (400 
MHz, CDCl3)  δ 7.73 (dd, J = 6.8, 1.6 Hz, 2H), 7.33 (d, J = 8.0 Hz, 2H), 4.18(d, J = 2.8 
Hz, 2H), 3.49 (dd, J = 7.2, 7.2 Hz, 2H), 2.75(dd, J = 7.2, 7.2 Hz, 2H), 2.44(s, 3H), 
2.15(dd, J = 2.8 Hz, 2.4 Hz, 1H); 13C NMR (125 MHz, CDCl3)  δ 144.3, 134.9, 129.8 
(2C), 127.6 (2C), 117.3, 76.2, 74.5, 43.0, 38.1, 21.6, 18.3; HRMS (ESI) m/z 263.0861 
([M+H]+, 100%), calc’d for C13H15N2O2S 263.0854. 
 
 tert-Butyl-(2-cyanoethyl)(prop-2-yn-1-yl)carbamate (44c). The mixture 
of aminonitrile 47a (1.25 g, 12 mmol, 1.0 equiv) and Boc2O (2.86 g, 1.1 
equiv) was stirred in THF (5 mL) at rt for 12 h. The reaction was quenched 
with saturated aqueous Na2CO3 (10 mL) and extracted with EtOAc (3×10 mL). Then 
combined organic layers were dried over Na2SO4, the solvent then decanted and 
evaporated in vacuo. The residue was purified by flash column to give 44c as a white 
solid (TLC, hexanes: EtOAc, 2:1, Rf 0.1,KMnO4 stain, 2.41 g, 97% yield): IR (NaCl) 
3087, 2978, 1690, 1249, 1158 cm-1; 1H NMR (500 MHz, CDCl3) δ  4.21 – 4.03 (m, 2H), 
3.61 (t, J = 6.8 Hz, 2H), 2.67 (s, 2H), 2.27 (t, J = 2.5 Hz, 1H), 1.48 (s, 9H);  13C NMR 
(125 MHz, CDCl3) δ 154.2, 117.8, 81.4, 78.8, 72.4, 42.9, 37.0, 28.3 (3H), 17.0; HRMS 
(ESI) m/z 231.1117 ([M+Na]+, 100%), calc’d for C11H16N2O2Na 231.1109. 
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 Vinyl (2-cyanoethyl)(prop-2-yn-1-yl)carbamate (44d).  Na2CO3 (265 
mg, 2.7 equiv) was added to the stirring solution of aminonitrile 47a (100 
mg, 0.925 mmol, 1.0 equiv) in THF (10 mL). The resulting solution was 
cooled to 5 °C and allyl chloroformate (0.15 mL, 1.5 equiv) was added slowly as a 
solution in THF (5 mL). The resulting mixture was stirred at 0 °C for 1 h and allowed to 
warm to rt and stirred overnight. The solution was extracted with EtOAc (3×10 mL). 
Then combined organic layers were dried over Na2SO4, the solvent then decanted and 
evaporated in vacuo. The residue was purified by flash column to give 44d as a colorless 
oil. (TLC, hexanes: EtOAc, 8:1, Rf 0.44, 126 mg, 71% yield): IR (NaCl) 3288, 2951, 
2251, 1696, 1410, 1241 cm-1; 1H NMR (500 MHz, CDCl3) δ 5.94 (ddt, J = 17.0, 10.5, 5.6 
Hz, 1H), 5.33(d, , J = 17.0 Hz, 1H), 5.25 (d, J = 10.5 Hz, 1H), 4.64 (dt, J = 5.6, 1.4 Hz, 
2H), 4.21 (d, J = 6.9 Hz, 2H), 3.68 (dt, J = 12.3, 5.0 Hz, 2H), 2.71 (m, 2H), 2.30 (t, J = 
2.5 Hz, 1H); 13C NMR (500 MHz, CDCl3) δ 154.9, 132.2 (2C), 117.8, 78.4, 72.9, 66.7, 
43.0, 37.1, 17.0;   HRMS (ESI) m/z 193.0986  ([M+H]+, 100%), calc’d for C10H13N2O2 
193.0907. 
 
(9H-Fluoren-9-yl)methyl-(2-cyanoethyl)(prop-2-yn-1-yl)carbamate (44e). 
Na2CO3 (796 mg, 2.7 equiv) was added to the stirring solution of 
aminonitrile 47a (200 mg, 2.78 mmol, 1.0 equiv) in THF (20 mL). The 
resulting solution was cooled to 5 °C and the FmocCl (1.08 g, 1.5 equiv) was added 
slowly as a solution in THF (5 mL). The resulting mixture was stirred at 0 °C for 1 h and 
allowed to warm to rt and stirred overnight. The solution was extracted with EtOAc 
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(3×10 mL). Then combined organic layers were dried over Na2SO4, the solvent then 
decanted and evaporated in vacuo. The residue was purified by flash column to give 44e 
as a white solid (TLC, hexanes: EtOAc, 6:1, Rf 0.5, 300 mg, 32% yield): IR (NaCl) 3243, 
3065, 2945, 2245, 1687, 1475 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.79 (dd, J = 12.3, 7.3 
Hz, 3H), 7.58 (dd, J = 38.2, 7.5 Hz, 3H), 7.42 (t, J = 7.5 Hz, 3H), 7.34 (t, J = 7.8 Hz, 3H), 
4.68 (d, J = 4.5 Hz, 1H), 4.47 (d, J = 6.8 Hz, 1H), 4.26 (d, J = 5.9 Hz, 1H), 4.15 (s, 1H), 
4.07 (s, 1H), 3.66 (s, 1H), 3.19 (t, J = 7.3 Hz, 1H), 2.70 (d, J = 7.8 Hz, 1H), 2.32 (s, 1H), 
2.23 (s, 1H), 1.99 (t, J = 7.3 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 155.0, 143.6, 141.4, 
127.9, 127.2, 125.1, 124.4, 120.1, 117.6, 78.3, 73.0 (2H), 68.2, 67.2, 47.2 (2C), 43.7, 
42.7, 37.3, 28.2, 16.1, 6.6; HRMS (ESI) m/z 353.1279 ([M+Na]+, 100%), calc’d for 
C21H18N2O2Na 353.1266. 
 
 tert-Butyl(2-cyanoethyl)(2-methylbut-3-yn-2-yl)carbamate (44f). The 
mixture of aminonitrile 47b (1.3 g, 9.5 mmol, 1.0 equiv) and Boc2O (2.0 
g, 1.1 equiv) was stirred at 45 °C for 12 h. The reaction was quenched 
with saturated aqueous Na2CO3 (20 mL) and extracted with EtOAc (3×10 mL). Then 
combined organic layers were dried over Na2SO4, the solvent then decanted and 
evaporated in vacuo. The residue was purified by flash column to give 44f as a white 
solid (TLC, hexanes: EtOAc, 6:1, Rf 0.68, KMnO4 stain, 502 mg, 22% yield):  IR (NaCl) 
3271, 2980, 2249, 1808, 1698, 1392, 1157cm-1; 1H NMR (400 MHz, CDCl3) δ 3.83 (ddd, 
J = 6.8, 6.8, 0.8 Hz, 2H), 2.65 (ddd, J = 6.8, 6.8, 0.8 Hz, 2H), 2.53 (d, J = 0.8 Hz, 1H), 
1.73 (d, J = 0.8 Hz, 6H), 1.48 (d, J = 0.8 Hz, 9H); 13C NMR(500 MHz, CDCl3) δ 154.0, 
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117.9, 86.9, 81.0, 72.8, 54.5, 43.0, 29.2 (2C), 28.3 (3C), 18.5; HRMS (ESI) m/z 259.1415 
([M+Na]+, 100%), calc’d for C13H20N2O2Na 259.1422. 
 
 tert-Butyl (cyanomethyl)(prop-2-yn-1-yl)carbamate (53a). The mixture of 
aminonitrile 52a (133mg, 1.4 mmol, 1.0 equiv) and Boc2O (340 mg, 1.1 equiv) 
was stirred in THF (2 mL) at rt for 2 h. The reaction was quenched with 
saturated aqueous Na2CO3 (10 mL) and extracted with EtOAc (3×10 mL). Then 
combined organic layers were dried over Na2SO4, the solvent then decanted and 
evaporated in vacuo. The residue was purified by flash column to give 53a as a sticky 
colorless oil (TLC, hexanes: EtOAc, 4:1, Rf 0.67, KMnO4 stain, 134 mg, 49% yield): IR 
(NaCl) 3292, 2980, 2934, 1698, 1395, 1368, 1157cm-1; 1H NMR (400 MHz, CDCl3) δ 
4.27 (s, 2H), 4.18 (s, 2H), 2.34 (dd, J = 2.4, 2.4 Hz, 1H), 1.50 (s, 9H); 13C NMR(125 
MHz, CDCl3) δ 146.7, 115.5, 85.1, 82.6, 73.8, 36.3, 34.2, 27.7 (3C). 
 
2-(Benzyl(prop-2-yn-1-yl)amino)acetonitrile (53b). To the mixture of 
aminonitrile 52a (155 mg, 1.65 mmol, 1.0 equiv), K2CO3 (693 mg, 3.0 equiv) 
in DMF (2 mL) was added BnBr (0.22 mL, 1.1eq) over a period of 5 min, then 
the mixture was heated to 60 °C and stirred for 2 h. The reaction mixture was cool to rt 
and diluted with 25 mL H2O, then extracted with ether (3×10 mL). Then combined 
organic layers were dried over Na2SO4, the solvent then decanted and evaporated in 
vacuo. The residue was purified by flash column to give 53b as a light yellow oil (TLC, 
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hexanes: EtOAc, 4: 1, Rf 0.77, KMnO4 stain, 204 mg, 67% yield):  IR (NaCl) 3288, 3030, 
2821, 1455, 744, 700 cm-1;  1H NMR (500 MHz, CDCl3)  δ 7.36 – 7.34 (m, 4H), 7.31 
(ddd, J = 6.8, 5.6, 2.9 Hz, 1H), 3.73 (s, 2H), 3.59 (s, 2H), 3.44 (d, J = 2.4 Hz, 2H), 2.35 
(t, J = 2.4 Hz, 1H);  13C NMR (125 MHz, CDCl3) δ 136.3, 129.0 (2C), 128.7 (2C), 128.0, 
114.9, 77.7, 74.4, 57.7, 42.9, 40.9. 
 
 tert-Butyl (2-chloro-2-cyanoethyl)(prop-2-yn-1-yl)carbamate (44g). The 
mixture of aminonitrile 47d (110 mg, 0.77 mmol, 1.0 equiv) and Boc2O 
(185 mg, 1.1 equiv) was stirred at rt for 6 h. The reaction was quenched 
with saturated aqueous Na2CO3 (10 mL) and extracted with EtOAc (3×10 mL). Then 
combined organic layers were dried over Na2SO4, the solvent then decanted and 
evaporated in vacuo. The residue was purified by flash column to give 44g as a colorless 
oil (TLC, hexanes: EtOAc, 8:1, Rf 0.9, KMnO4 stain, 160 mg, 86% yield): IR (NaCl) 
2162, 1702, 1163, 816 cm-1; 1H NMR (400 MHz, CDCl3) δ 4.27 (s, 2H), 4.18 (s, 2H), 
2.34 (dd, J = 2.4, 2.4 Hz, 1H), 1.50 (s, 9H); 13C NMR(500 MHz, CDCl3) δ 154.1, 146.7, 
116.1, 82.1, 73.0, 50.9, 39.1, 28.2 (3C), 27.3; HRMS (ESI) m/z 265.0920 ([M+Na]+, 
100%), calc’d for C11H15N2O2ClNa 265.0727. 
 
 tert-Butyl but-3-yn-1-yl(2-cyanoethyl)carbamate (55a).  The 
mixture of aminonitrile 54 (135 mg, 1.11 mmol, 1.0 equiv) and Boc2O 
(300 mg, 1.2 equiv) in THF (2 mL) was stirred at rt for 2 h. The 
reaction was quenched with saturated aqueous Na2CO3 (10 mL) and extracted with 
  
137 
EtOAc (3×10 mL). Then combined organic layers were dried over Na2SO4, the solvent 
then decanted and evaporated in vacuo. The residue was purified by flash column to give 
55a as a white solid (TLC, hexanes: EtOAc, 4:1, Rf 0.58, KMnO4 stain, 140 mg, 57% 
yield): 1H NMR (500 MHz, CDCl3)  δ 3.57 (dd, J = 6.5 Hz, 2H), 3.44 (t, J = 7.0 Hz, 2H), 
2.66 (d, J = 6.5 Hz, 1H), 2.61 (d, J = 7.0  Hz, 1H), 2.43 (q, J = 8.4, 7.1 Hz, 2H), 2.00 (t, J 
= 2.7 Hz, 1H), 1.47 (d, J = 2.5 Hz, 9H); HRMS (ESI) m/z 245.1277 ([M+Na]+, 100%), 
calc’d for C12H18N2O2 245.1266. 
 
3,3'-(But-2-yne-1,4-diylbis(benzylazanediyl))dipropanenitrile 
(36a). Prepared according to procedure A, beginning with 3-
(benzylamino)propanenitrile 42a (64 mg, 0.40 mmol), 
paraformaldehyde (49 mg), and 3-(benzyl(prop-2-yn-1-yl)amino)propanenitrile 44a (80 
mg). Purified by flash chromatography to give 36a as a light yellow oil (TLC, hexane: 
EtOAc, 2:1, Rf 0.48; 90 mg, 74% yield): IR(NaCl) 3086, 3029, 2922, 2836, 2247, 1454, 
1130, 739, 700 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.40 – 7.32 (m, 8H), 7.31 – 7.27 (m, 
2H), 3.72 (s, 4H), 3.45 (s, 4H), 2.91 (t, J = 6.9 Hz, 4H), 2.52 (t, J = 6.9 Hz, 4H). 13C 
NMR (125 MHz, CDCl3) δ 137.7 (2C), 128.9 (4C), 128.5 (4C), 127.6 (2C), 118.6 (2C), 
79.5 (2C), 58.0 (2C), 48.8 (2C), 41.9 (2C), 17.0 (2C); HRMS (ESI) m/z 393.2041 
([M+Na]+, 100%), calc’d for C24H26N4Na 393.2055. 
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N-(4-(Benzyl(2-cyanoethyl)amino)but-2-yn-1-yl)-N-(2-cyanoethyl)-
4-methylbenzenesulfonamide (36b). Prepared according to 
procedure A, beginning with 3-(benzylamino)propanenitrile 42a (49 
mg, 0.31 mmol), paraformaldehyde (37 mg), and N-(2-cyanoethyl)-4-methyl-N-(prop-2-
yn-1-yl)benzenesulfonamide 44b (80 mg, 0.31 mmol). Purified by flash chromatography 
to give 36b as a white solid (TLC, hexane: EtOAc, 1:1, Rf 0.63; 134 mg, 74% yield): 
IR(NaCl) 3010, 1334, 1161 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.74 (dd, J = 8.3, 1.7 
Hz, 2H), 7.35 – 7.26 (m, 7H), 4.25 (q, J = 1.8 Hz, 1H), 3.52 (d, J = 2.0 Hz, 2H), 3.50 (dd, 
J = 7.0, 1.6 Hz, 2H), 3.22 (q, J = 1.8 Hz, 2H), 2.75 (tt, J = 6.8, 1.6 Hz, 2H), 2.70 (td, J = 
6.8, 1.8 Hz, 2H), 2.40 (tt, J = 6.6, 1.6 Hz, 2H),  2H), 2.38 (s, 3H); 13C NMR (125 MHz, 
CDCl3) δ 144.3, 137.4, 135.2, 129.8(2C), 128.7(2C), 128.6 (2C), 127.7 (2C), 127.6, 
118.4, 117.4, 80.6, 78.1, 57.9, 48.7, 43.0, 41.8, 38.4, 21.5, 18.5, 16.9; HRMS (ESI) m/z 
457.1673 ([M+Na]+, 100%), calc’d for C24H26N4O2SNa  457.1674. 
 
tert-Butyl (4-(benzyl(2-cyanoethyl)amino)but-2-yn-1-yl)(2-
cyanoethyl)carbamate (36c). Prepared according to procedure A, 
beginning with 3-(benzylamino)propanenitrile 42a (334 mg, 2.08 
mmol, 1.0 equiv), paraformaldehyde (250 mg, 1.0 equiv), and tert-butyl-(2-
cyanoethyl)(prop-2-yn-1-yl)carbamate 44c (434 mg, 1.0 equiv). Purified by flash 
chromatography to give 36c as a colorless oil (TLC, hexane: EtOAc, 1:1, Rf 0.63; 763 
mg, 96% yield): IR (NaCl) 2976, 2840, 2249, 1696, 1163 cm-1; 1H NMR (500 MHz, 
CDCl3) δ 4.18 (d, J = 7.3 Hz, 1H), 3.67 (s, 2H), 3.62 (t, J = 6.9 Hz, 2H), 3.39 (d, J = 2.0 
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Hz, 2H), 2.87 (t, J = 6.9 Hz, 2H), 2.66 (s, 2H), 2.49 (t, J = 6.9 Hz, 2H), 1.50 (s, 8H); 13C 
NMR (125 MHz, CDCl3) δ 137.7, 128.9 (2C), 128.5 (2C), 127.5, 118.6, 81.4, 80.8, 78.4, 
57.9, 49.5, 48.7, 42.79, 41.8, 38.0, 36.8, 28.3 (3C), 17.5, 16.9; HRMS (ESI) m/z 
403.2110 ([M+Na]+, 100%), calc’d for C22H28N4O2Na  403.2106. 
 
tert-Butyl (2-cyanoethyl)(4-((2-cyanoethyl)(4-
methoxybenzyl)amino)but-2-yn-1-yl)carbamate (36d). Prepared 
according to procedure A, beginning with 3-((4-
methoxybenzyl)amino)propanenitrile 42b (100 mg, 0.53 mmol, 1.0 equiv), 
paraformaldehyde (63 mg, 1.0 equiv), and tert-butyl-(2-cyanoethyl)(prop-2-yn-1-
yl)carbamate 44c (TLC, 107 mg, 1.0 equiv). Purified by flash chromatography to give 
product as a light yellow oil (hexane: EtOAc, 1:1, Rf 0.5; 120 mg, 53% yield): IR(NaCl) 
2974, 2931, 2837, 2249, 1695, 1247, 1163 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.27 – 
7.24 (m, 2H), 6.89 – 6.84 (m, 2H), 4.18 (s, 2H), 3.80 (s, 3H), 3.63 (d, J = 7.3 Hz, 2H), 
3.61 (s, 2H), 3.38 (t, J = 2.0 Hz, 2H), 2.85 (t, J = 6.8 Hz, 2H), 2.67 (s, 2H), 2.48 (t, J = 
6.8 Hz, 2H), 1.50 (s, 9H); 13C NMR (125 MHz, CDCl3) δ 171.1, 159.0, 130.0(2C), 118.6, 
113.8(2C), 110.0, 80.7, 76.8, 60.3, 57.3, 55.2, 48.6, 42.8, 41.7, 38.0, 36.8, 28.3(3C), 21.0, 
16.9, 14.2; HRMS (ESI) m/z 433.2218 ([M+Na]+, 100%), calc’d for C23H30N4O3Na  
433.2216. 
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 N-(2-cyanoethyl)-N-(4-((2-cyanoethyl)(4-
methoxybenzyl)amino)but-2-yn-1-yl)-4-
methylbenzenesulfonamide (31d). Prepared according to 
procedure A, beginning with 3-((4-methoxybenzyl)amino)propanenitrile 42b (100 mg, 
0.53 mmol, 1.0 equiv), paraformaldehyde (63 mg, 1.0 equiv), and N-(2-cyanoethyl)-4-
methyl-N-(prop-2-yn-1-yl)benzenesulfonamide 44b (137 mg, 1.0 equiv). Purified by 
flash chromatography to give 31d as a colorless oil (TLC, hexane: EtOAc, 1:1, Rf 0.5; 
130 mg, 80% yield): IR(NaCl) 2934, 2837, 1611, 1511, 1245 cm-1; 1H NMR (500 MHz, 
CDCl3) δ 7.76 – 7.70 (m, 2H), 7.33 – 7.27 (m, 2H), 7.21 – 7.15 (m, 2H), 6.90 – 6.81 (m, 
2H), 4.24 (t, J = 2.0 Hz, 2H), 3.80 (s, 3H), 3.50 (t, J = 7.0 Hz, 2H), 3.44 (s, 2H), 3.19 (t, J 
= 2.0 Hz, 2H), 2.75 (t, J = 7.0 Hz, 2H), 2.66 (t, J = 6.8 Hz, 2H), 2.41 – 2.34 (overlap, 
5H); 13C NMR (125 MHz, CDCl3) δ 159.1, 144.2, 135.2, 129.9 (2C), 129.8 (2C), 129.4, 
127.7 (2C), 118.5, 117.4, 113.9 (2C), 80.7, 78.0, 57.2, 55.3, 48.5, 43.0, 41.6, 38.4, 21.5, 
18.5, 16.9; HRMS (ESI) m/z 487.1770 ([M+Na]+, 100%), calc’d for C25H28N4O3SNa  
487.1780. 
 
Allyl (2-cyanoethyl)(4-((2-cyanoethyl)(4-
methoxybenzyl)amino)but-2-yn-1-yl)carbamate (36f). Prepared 
according to procedure A, beginning with 3-((4-
methoxybenzyl)amino)propanenitrile 42b (100 mg, 0.53 mmol, 1.0 equiv), 
paraformaldehyde (63 mg, 1.0 equiv), and vinyl (2-cyanoethyl)(prop-2-yn-1-
yl)carbamate  44d (101 mg, 1.0 equiv). Purified by flash chromatography to give 36f as a 
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colorless oil (TLC, hexane: EtOAc, 3:2, Rf 0.5; 100  mg, 51% yield): IR(NaCl) 2937, 
2837, 2249, 1700, 1240 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.25 (d, J = 8.2 Hz, 2H), 
6.89 – 6.83 (m, 2H), 6.03 – 5.88 (ddd, J = 21.6, 10.5, 6.5 Hz 1H), 5.34 (d, J = 17.3 Hz, 
1H), 5.26 (d, J = 10.5 Hz, 1H), 4.66 (dt, J = 5.7, 1.5 Hz, 2H), 4.26 (s, 2H), 3.80 (s, 3H), 
3.68 (s, 2H), 3.60 (s, 2H), 3.38 (d, J = 2.0 Hz, 2H), 2.84 (t, J = 6.8 Hz, 2H), 2.70 (s, 2H), 
2.48 (t, J = 6.8 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 159.0, 155.0, 132.3 (2C), 130.0, 
129.1, 118.7, 117.9, 113.8 (2C), 80.2, 78.8, 66.7, 57.3, 55.3, 48.56, 43.6, 42.6, 41.7, 37.7, 
17.5, 16.9; HRMS (ESI) m/z 417.1911 ([M+Na]+, 100%), calc’d for C22H26N4O3Na  
417.1903. 
 
 (9H-Fluoren-9-yl)methyl (2-cyanoethyl)(4-((2-cyanoethyl)(4-
methoxybenzyl)amino)but-2-yn-1-yl)carbamate (36g). Prepared 
according to procedure A, beginning with 3-((4-
methoxybenzyl)amino)propanenitrile 42b (100 mg, 0.53 mmol, 1.0 equiv), 
paraformaldehyde (63 mg, 1.0 equiv), and (9H-fluoren-9-yl)methyl (2-cyanoethyl)(prop-
2-yn-1-yl)carbamate 44e (145 mg, 1.0 equiv). Purified by flash chromatography to give 
36g as a colorless oil (TLC, hexane: EtOAc, 3:2, Rf 0.52; 90 mg, 32% yield): IR(NaCl) 
3058, 2835, 2250, 1705, 1246 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.79 (d, J = 7.6 Hz, 
2H), 7.64 – 7.51 (m, 2H), 7.41 (t, J = 7.4 Hz, 2H), 7.33 (s, 2H), 7.22 (d, J = 8.5 Hz, 2H), 
6.88 – 6.80 (m, 2H), 4.74 – 4.63 (m, 1H), 4.56 – 4.44 (m, 1H), 4.26 (t, J = 5.6 Hz, 1H), 
4.19 (s, 1H), 4.11 (dd, J = 9.6, 4.7 Hz, 2H), 3.79 (s, 3H), 3.66 (s, 1H), 3.56 (d, J = 9.6 Hz, 
2H), 3.35 (d, J = 22.6 Hz, 2H), 3.20 (s, 1H), 2.80 (s, 2H), 2.68 (s, 1H), 2.44 (t, J = 6.8 Hz, 
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2H), 1.98 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 159.1, 155.2, 154.9, 143.6, 141.4, 
130.1, 129.6, 127.9, 127.3, 127.2, 125.0, 124.4, 120.2, 118.6, 118.0, 117.5, 113.9 (2C), 
80.1, 79.0,  68.1, 67.2, 57.4, 55.3, 55.2, 53.5, 48.6, 47.2, 43.5, 42.6, 41.7, 37.8, 37.5, 16.9, 
16.6; HRMS (ESI) m/z 533.2548 ([M+H]+, 100%), calc’d for C33H33N4O3  533.2553. 
 
tert-Butyl (4-((2-cyanoethyl)(4-methoxybenzyl)amino)but-2-
yn-1-yl)(cyanomethyl)carbamate (36h). Prepared according to 
procedure A, beginning with 3-((4-
methoxybenzyl)amino)propanenitrile 42b (100 mg, 0.53 mmol, 1.0 equiv), 
paraformaldehyde (63 mg, 1.0 equiv), and tert-butyl (cyanomethyl)(prop-2-yn-1-
yl)carbamate 53a (103 mg, 1.0 equiv). Purified by flash chromatography to give 36h as a 
colorless oil (TLC, hexane: EtOAc, 3:2, Rf 0.34; 92  mg, 44 % yield): IR(NaCl) 2977, 
2933, 2837, 1704, 1249 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.30 – 7.23 (m, 2H), 6.96 – 
6.71 (m, 2H), 4.25 – 4.20 (m, 3H), 3.80 (d, J = 1.1 Hz, 3H), 3.62 (s, 2H), 3.40 (s, 2H), 
2.86 (t, J = 6.8 Hz, 2H), 2.48 (t, J = 6.8 Hz, 2H), 1.52 (d, J = 1.1 Hz, 8H); 13C NMR (125 
MHz, CDCl3) δ 159.1, 130.1, 129.6, 118.6, 115.7, 113.9, 82.6, 79.9, 79.1, 57.4, 55.2, 
48.5, 41.7, 36.8, 34.8, 29.68, 28.2 (3C), 16.9; HRMS (ESI) m/z 419.2050 ([M+Na]+, 
100%), calc’d for C22H28N4O3Na  419.2059. 
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3-((4-(Benzyl(cyanomethyl)amino)but-2-yn-1-yl)(4-
methoxybenzyl)amino)propanenitrile (36i). Prepared according 
to procedure A, beginning with 3-((4-
methoxybenzyl)amino)propanenitrile 42b (100 mg, 0.53 mmol, 1.0 equiv), 
paraformaldehyde (63 mg, 1.0 equiv), and 2-(benzyl(prop-2-yn-1-yl)amino)acetonitrile 
53b (98 mg, 1.0 equiv). Purified by flash chromatography to give 36i as a colorless oil 
(TLC, hexane: EtOAc, 1:1, Rf 0.82;  98 mg, 48 % yield): IR(NaCl) 2928, 2833, 1611, 
1512, 1248 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.38 – 7.24 (m, 7H), 6.89 – 6.85 (m, 
2H), 3.80 (s, 3H), 3.76 (s, 2H), 3.64 (s, 2H), 3.60 (s, 2H), 3.51 (t, J = 2.0 Hz, 2H), 3.43 (t, 
J = 2.0 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 159.0, 136.3, 130.1(2C), 129.7, 
129.0(2C), 128.7(2C), 128.0, 118.6, 115.0, 113.9(2C), 80.4, 79.6, 57.6, 57.4, 55.3, 48.6, 
43.5, 41.7, 41.0, 17.0; HRMS (ESI) m/z 409.2003 ([M+Na]+, 100%), calc’d for 
C24H26N4ONa  409.2004. 
tert-Butyl (2-cyanoethyl)(5-((2-cyanoethyl)(4-methoxy-
benzyl)amino)pent-3-yn-1-yl)carbamate (36j). Prepared 
according to procedure A, beginning with 3-((4-
methoxybenzyl)amino)propanenitrile 42b (100 mg, 0.53 mmol, 1.0 equiv), 
paraformaldehyde (63 mg, 1.0 equiv), and tert-butyl but-3-yn-1-yl(2-
cyanoethyl)carbamate 55a (118 mg, 1.0 equiv). Purified by flash chromatography to give 
36j as a light yellow oil (TLC, hexane: EtOAc, 1:1, Rf 0.48; 60 mg, 27 % yield): 
IR(NaCl) 2971, 2850, 2249, 1690, 1247, 1162 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.26 
– 7.22 (m, 2H), 6.87 – 6.82 (m, 2H), 3.78 (s, 3H), 3.57 (s, 2H), 3.54 (t, J = 6.7 Hz, 2H), 
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3.43 (t, J = 7.0 Hz, 2H), 3.31 (t, J = 2.1 Hz, 2H), 2.81 (t, J = 6.9 Hz, 2H), 2.61 (dt, J = 
29.6, 7.0 Hz, 2H), 2.48 (s, 2H), 2.46 (t, J = 6.9 Hz, 2H), 1.46 (s, 9H); 13C NMR(500 
MHz, CDCl3) δ 159.0, 130.1(2C), 129.8, 118.7, 113.8(2C), 82.6, 80.8, 75.8, 57.3, 55.2, 
49.4, 48.5, 47.6, 44.5, 41.8, 28.3(3C), 21.9, 18.8, 18.0, 16.8; HRMS (ESI) m/z 425.2558 
([M+H]+, 100%), calc’d for C24H33N4O3  425.2553. 
 
tert-Butyl (2-cyanoethyl)(5-((2-cyanoethyl)(4-methoxybenzyl)-
amino)-2-methylpent-3-yn-2-yl)carbamate (36k”). Prepared 
according to procedure A, beginning with 3-((4-
methoxybenzyl)amino)propanenitrile 42b (100 mg, 0.53 mmol, 1.0 equiv), 
paraformaldehyde (63 mg, 1.0 equiv), and tert-butyl (2-cyanoethyl)(2-methylbut-3-yn-2-
yl)carbamate 44f (125 mg, 1.0 equiv). Purified by flash chromatography to give 36k” as 
a white solid (TLC, hexane: EtOAc, 3:2, Rf 0.44; 4mg, 2% yield): IR(NaCl) 2974, 2929, 
2839, 2249, 1698, 1156 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.27 (d, J = 8.2 Hz, 2H), 
6.90 – 6.85 (m, 2H), 3.85 (t, J = 7.0 Hz, 2H), 3.80 (s, 3H), 3.63 (s, 2H), 3.42 (s, 2H), 2.87 
(t, J = 6.8 Hz, 2H), 2.66 (t, J = 7.0 Hz, 2H), 2.51 (t, J = 6.8 Hz, 2H), 1.76 (s, 6H), 1.49 (s, 
9H). 
 
tert-Butyl (1-Chloro-2-cyanoethyl)(4-((2-cyanoethyl)(4-
methoxybenzyl)amino)but-2-yn-1-yl)carbamate (36n). 
Prepared according to General Procedure A, beginning with 3-
((4-methoxybenzyl)amino)propanenitrile 42b (100 mg, 0.53 mmol, 1.0 equiv), 
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paraformaldehyde (63 mg, 1.0 equiv), and tert-butyl (2-chloro-2-cyanoethyl)(prop-2-yn-
1-yl)carbamate 44g (129 mg, 1.0 equiv). Purified by flash chromatography to give 36n as 
a white solid (TLC, hexane: EtOAc, 4:1, Rf 0.40; 45 mg, 19 % yield): IR(NaCl) 2976, 
2934, 2837, 2248, 1702, 1247 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.28 – 7.22 (m, 2H), 
6.87 – 6.82 (m, 2H), 4.78 (dt, J = 80.2, 7.3 Hz, 1H), 4.36 – 4.13 (m, 2H), 4.01 – 3.80 (m, 
2H), 3.79 (s, 3H), 3.60 (s, 2H), 3.38 (d, J = 2.0 Hz, 2H), 2.84 (t, J = 6.8 Hz, 2H), 2.47 (t, 
J = 6.8 Hz, 2H), 1.50 (d, J = 3.1 Hz, 9H); 13C NMR (125 MHz, CDCl3) δ 159.0, 130.1 
(2C), 118.5, 116.2, 113.9 (2C), 60.4, 57.3, 55.3, 51.3, 50.9, 48.6, 41.7, 39.9, 38.9, 37.5, 
28.2, 21.0, 16.9 (3C), 14.2;  HRMS (ESI) m/z 467.1834 ([M+Na]+, 100%), calc’d for 
C23H29ClN4O3Na 467.1826. 
 
2-(2-Iodophenoxy)acetonitrile (92).245 The mixture of 2-hydroxy 
benzonitrile (200 mg, 1.68 mmol, 1.0 equiv) and K2CO3 (700 mg, 3.0 
equiv) in DMF (10 mL) was added propargyl bromide (500 mg, 2.0 equiv) at rt, and then 
stirred overnight. The reaction was quenched with water (10 mL) and the mixture was 
extracted with EtOAc (3×10  mL). The combined organic layers were washed with 
saturated brine, dried over Na2SO4, filtered, and the solvent was removed in vacuo. The 
residue was purified by flash chromatography to give 92 as a light yellow solid (TLC, pet 
ether: EtOAc, 8:1, Rf 0.40, 170 mg, 64% yield): IR (NaCl) 3064, 2977, 2944, 743 cm-1; 
1H NMR (500 MHz, CDCl3) δ 7.83 (dd, J = 7.8, 1.6 Hz, 1H), 7.37 (ddd, J = 8.2, 7.4, 1.6 
Hz, 1H), 7.00 (dd, J = 8.3, 1.3 Hz, 1H), 6.87 (td, J = 7.6, 1.3 Hz, 1H), 4.82 (s, 2H); 13C 
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NMR (125 MHz, CDCl3) δ 155.4, 140.2, 129.8, 125.2, 114.8, 113.6, 86.7, 54.8; HRMS 
(ESI) m/z 259.9572 ([M+H]+, 100%), calc’d for C8H7INO  259.9575. 
 
2-(Prop-2-yn-1-yloxy)benzonitrile (96a).246 o-Iodophenol (200 mg, 
0.91 mmol, 1.0 equiv) and K2CO3 (700 mg, 3.0 equiv) in acetone at rt 
was added bromoacetonitrile (0.18 mL, 3.0 equiv) under nitrogen protection, and the 
suspension was heated to reflux for 18 h. The reaction mixture was filtered and the 
solvent was removed under reduced pressure to give the crude product. Purification by 
flash chromatography gave 96a as a white solid (TLC, pet ether: EtOAc, 6:1, Rf 0.42,  
214 mg, 90%): IR(NaCl) 3285, 2973, 2222, 1227 cm-1; 1H NMR (400 MHz, CDCl3) δ 
7.62 – 7.53 (m, 2H), 7.15 (dd, J = 8.6, 2.3 Hz, 1H), 7.10 – 7.03 (m, 1H), 4.84 (t, J = 2.4 
Hz, 2H), 2.56 (t, J = 2.4 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 159.0, 134.2 (2C), 
133.9(2C), 121.6, 116.2, 112.9, 102.5, 56.5; HRMS (ESI) m/z 180.0425 ([M+Na]+, 
100%), calc’d for C10H7NONa  180.0425. 
 
(R)-2-(But-3-yn-2-yloxy)benzonitrile (96b).244 A solution of 2-
cyanophenol (60 mg, 0.504 mmol, 1.0 equiv), TS-PPh3 (235 mg, 1.0 
equiv) and (-)-(S)-3-butyn-2-ol (40 µL, 1.0 equiv) in THF (2 mL) in a sealed tube was 
cooled to 0 °C under nitrogen protection. DIAD (0.1 mL, 1.0 equiv) was added to the 
solution slowly and stirred at 0 °C for 15 min. Then the reaction mixture was allowed to 
warm to rt and stirred overnight. The solvent was removed in vacuo and the residue was 
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purified by flash chromatography to give 96b as a white solid (TLC, pet ether: EtOAc, 
8:1, Rf 0.67, 51 mg, 60%):  IR (NaCl) 3294, 2190, 1580 cm-1; 1H NMR (500 MHz, 
CDCl3) δ 7.58 (dd, J = 7.7, 1.8 Hz, 1H), 7.54 (ddd, J = 8.6, 7.5, 1.8 Hz, 1H), 7.19 (dd, J = 
8.5, 0.8 Hz, 1H), 7.04 (td, J = 7.6, 1.0 Hz, 1H), 4.94 (qd, J = 6.6, 2.0 Hz, 1H), 2.53 (d, J = 
2.0 Hz, 1H); 13C NMR (125 MHz, CDCl3) δ 159.0, 134.0, 133.7, 121.5, 116.2, 114.1, 
102.8, 81.5, 75.2, 75.1, 64.8, 22.0. 
 
3-(Prop-2-yn-1-yloxy)propanenitrile (90).247 Propargyl alcohol (1.35 mL, 
22.8 mmol, 3.0 equiv) in one protion was added to the mixture of PPh3 (200 
mg, 0.1 equiv) and acrylonitrile (0.5 mL, 7.6 mmol, 1.0 equiv), and the suspension was 
heated to reflux for 2 h. At the end of the reaction, the excess alcohol was removed by 
reduced pressure. Purification by flash chromatography gave 90 as a light yellow oil 
(TLC, pet ether: EtOAc, 8:1, Rf  0.48, 1.15 g, 99%): IR (NaCl) 3285, 2883, 2252, 1102 
cm-1; 1H NMR (500 MHz, CDCl3) δ 4.21 (d, J = 2.4 Hz, 2H), 3.76 (tt, J = 6.4, 1.0 Hz, 
2H), 2.64 (tt, J = 6.4, 1.0 Hz, 2H), 2.48 (t, J = 2.4 Hz, 1H); 13C NMR (125 MHz, CDCl3) 
δ 117.9, 78.8, 75.5, 64.2, 58.2, 18.6; HRMS (ESI) m/z 137.0430 ([M+Na]+, 100%), calc’d 
for C6H7NONa  137.0425. 
 
 4-(4-Methoxyphenyl)-3-methylbutanenitrile (42c). The mixture of 4-
methoxybenzylamine (0.5g, 3.83 mmol, 1.0 equiv) and crotononitrile (0.32 mL, 1.0 
equiv) was stirred in anhydrous methanol (15 mL) at rt for overnight. At the end of the 
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reaction, the solvent was removed by reduced pressure. Purification by flash 
chromatography gave 42c as a colorless oil (TLC, pet ether: EtOAc, 1:1, Rf  0.25, 290 
mg, 40%): IR (NaCl) 2964, 2932, 2836, 2245, 1501, 1242 cm-1; 1H NMR (500 MHz, 
CDCl3) δ 7.25 – 7.22 (m, 2H), 6.90 – 6.84 (m, 2H), 3.80 (s, 3H), 3.75 (s, 2H), 3.06 (h, J = 
6.2 Hz, 1H), 2.45 (dd, J = 5.6, 3.3 Hz, 2H), 1.26 (d, J = 6.4 Hz, 3H). 13C NMR (125 
MHz, CDCl3) δ 158.8, 131.8, 129.2, 118.2, 113.9, 55.2, 50.5, 49.2, 24.9, 20.5; HRMS 
(ESI) m/z 205.1335 ([M+H]+, 100%), calc’d for C12H17N2O  205.1341. 
 
3-((3-(2-(Cyanomethoxy)phenyl)prop-2-yn-1-
yl)oxy)propanenitrile (93a).  Prepared according to General 
Procedure B, beginning with aryl iodide 92 (60 mg, 0.23 mmol, 1.0 equiv), 3-(prop-2-yn-
1-yloxy)propanenitrile 90 (30 mg, 1.2 equiv), Pd(PPh3)4 (13 mg, 5 mol%), and CuI (4.4 
mg, 10 mol%). Purification by flash chromatography gave 93a as a yellow oil (TLC, 
hexane: EtOAc, 2:1, Rf 0.38; 42 mg, 76%  yield): IR (NaCl) 2932, 2881, 2251, 1490, 
1096, 752 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.47 (dd, J = 7.5, 1.8 Hz, 1H), 7.36 (dddt, 
J = 8.4, 7.5, 1.8, 1.0 Hz, 1H), 7.07 (tq, J = 7.5, 1.0 Hz, 1H), 6.99 (dd, J = 8.4, 1.0 Hz, 
1H), 4.85 (d, J = 0.9 Hz, 2H), 4.48 (d, J = 1.0 Hz, 2H), 3.86 (tt, J = 6.3, 1.0 Hz, 2H), 2.69 
(tt, J = 6.4, 0.9 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 157.1, 134.1, 130.2, 123.3, 
117.7, 114.9, 113.4, 113.1, 89.3, 82.3.  
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tert-Butyl (2-cyanoethyl)(3-(2-(cyanomethoxy)phenyl) 
prop-2-yn-1-yl)carbamate (93b). Prepared according to 
General Procedure B, beginning with aryl iodide 92 (60 mg, 
0.23 mmol, 1.0 equiv), tert-butyl (2-cyanoethyl)(prop-2-yn-1-yl)carbamate 44c (57 mg, 
1.2 equiv), Pd(PPh3)4 (13 mg, 5 mol%), and CuI (4.4 mg, 10 mol%). Purification by flash 
chromatography gave 93b as a yellow oil (TLC, hexane: EtOAc, 2:1, Rf 0.42; 59 mg, 
76%  yield): IR (NaCl) 2979, 2250, 1652, 1123, 698 cm-1; 1H NMR (500 MHz, CDCl3) δ 
7.44 (dd, J = 7.6, 1.8 Hz, 1H), 7.35 (td, J = 7.9, 1.8 Hz, 1H), 7.07 (td, J = 7.6, 1.1 Hz, 
1H), 6.99 (d, J = 8.3 Hz, 1H), 4.86 (s, 2H), 4.47 – 4.34 (m, 2H), 3.70 (t, J = 7.0 Hz, 2H), 
2.76 (t, J = 7.0 Hz, 2H), 1.50 (s, 8H); 13C NMR (125 MHz, CDCl3) δ 157.1, 134.0 (2C), 
130.1(2C), 123.2, 118.0, 114.9, 113.1, 89.3, 81.3, 54.3, 43.2, 38.7, 37.4, 28.3 (3C), 17.4; 
HRMS (ESI) m/z 362.1493 ([M+Na]+, 100%), calc’d for C19H21N3O3Na 362.1493. 
 
N-(2-cyanoethyl)-N-(3-(2-(cyanomethoxy)phenyl)prop-2-
yn-1-yl)-4-methylbenzenesulfonamide (93c). Prepared 
according to General Procedure B, beginning with aryl iodide 92 (30 mg, 0.115 mmol, 
1.0 equiv), N-(2-cyanoethyl)-4-methyl-N-(prop-2-yn-1-yl)benzenesulfonamide 44b (35 
mg, 1.2 equiv), Pd(PPh3)4 (7 mg, 5 mol%), and CuI (2 mg, 10 mol%). Purification by 
flash chromatography gave 93c as a yellow solid (TLC, hexane: EtOAc, 2:1, Rf 0.53; 40 
mg, 88%  yield): IR (NaCl) 2979, 2252, 1186 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.80 – 
7.73 (m, 2H), 7.39 – 7.31 (m, 1H), 7.31 – 7.27 (m, 2H), 7.15 (dd, J = 7.6, 1.8 Hz, 1H), 
7.02 (td, J = 7.6, 1.0 Hz, 1H), 6.95 (dd, J = 8.4, 1.0 Hz, 1H), 4.77 (d, J = 0.9 Hz, 2H), 
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4.43 (s, 2H), 3.58 (t, J = 7.2 Hz, 2H), 2.81 (td, J = 7.2, 0.9 Hz, 2H), 2.35 (s, 3H); 13C 
NMR (125 MHz, CDCl3) δ 157.0, 144.3, 134.9, 133.8, 130.3, 129.8 (2C), 127.7 (2C), 
123.0, 117.6, 115.0, 113.0, 112.4, 86.5, 81.6, 54.3, 43.2, 39.1, 21.4, 18.3. HRMS (ESI) 
m/z 416.1041 ([M+Na]+, 100%), calc’d for C21H19N3O3SNa 416.1045. 
 
6-(2-(Cyanomethoxy)phenyl)hex-5-ynenitrile (93d). Prepared 
according to General Procedure B, beginning with aryl iodide 
92 (60 mg, 0.23 mmol, 1.0 equiv), 5-hexynenitrile (29 µL, 1.2 
equiv), Pd(PPh3)4 (13 mg, 5 mol%), and CuI (4.4 mg, 10 mol%). Purification by flash 
chromatography gave 93d as a yellow oil (TLC, hexane: EtOAc, 2:1, Rf 0.56; 54 mg, 
99%  yield): IR (NaCl) 2944, 2249, 732 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.42 (dd, J 
= 7.6, 1.7 Hz, 1H), 7.32 (ddd, J = 8.4, 7.5, 1.7 Hz, 1H), 7.06 (tt, J = 7.6, 0.8 Hz, 1H), 6.98 
(dd, J = 8.4, 0.8 Hz, 1H), 4.84 (d, J = 0.5 Hz, 2H), 2.66 (t, J = 6.7 Hz, 2H), 2.60 (t, J = 
7.1 Hz, 2H), 1.98 (p, J = 6.9 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 157.0, 134.0, 
129.5, 123.4, 119.2, 114.9, 114.1, 113.7, 92.5, 77.5, 54.6, 24.5, 18.8, 16.2; HRMS (ESI) 
m/z 247.0847 ([M+Na]+, 100%), calc’d for C14H12N2ONa 247.0851. 
 
2-((4-((2-cyanoethyl)(4-methoxybenzyl)amino)but-2-yn-
1-yl)oxy)benzonitrile (97a). Prepared according to General 
Procedure A, beginning with p-methoxybenzyl aminonitrile 42b (121 mg, 0.64 mmol, 1.0 
equiv), paraformaldehyde (76 mg, 1.0 equiv), and 2-(prop-2-yn-1-yloxy)benzonitrile 96a 
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(100 mg, 1.0 equiv). Purification by flash chromatography gave 97a as a colorless oil 
(TLC, hexane: EtOAc, 3:2, Rf 0.48; 170 mg, 83% yield): IR (NaCl) 2933, 2836, 2228, 
1511, 1247 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.61 (dd, J = 7.5, 1.7 Hz, 1H), 7.57 (ddd, 
J = 8.6, 7.5, 1.7 Hz, 1H), 7.20 – 7.16 (m, 2H), 7.15 (d, J = 8.5 Hz, 1H), 7.08 (td, J = 7.6, 
0.9 Hz, 1H), 6.87 – 6.80 (m, 2H), 4.90 (t, J = 1.9 Hz, 2H), 3.79 (s, 3H), 3.54 (s, 2H), 3.37 
(t, J = 1.9 Hz, 2H), 2.79 (t, J = 6.8 Hz, 2H), 2.44 (t, J = 6.8 Hz, 2H); 13C NMR (125 
MHz, CDCl3) δ 159.1, 159.0, 134.2, 133.9, 130.1 (2C), 129.5, 121.7, 118.6, 116.3, 113.8 
(2C), 113.2, 102.6, 83.2, 79.4, 57.1, 56.9, 55.3, 55.3, 48.6, 41.6, 16.9; HRMS (ESI) m/z 
360.1710 ([M+H]+, 100%), calc’d for C22H22N3O2 360.1712. 
 
2-((4-((1-Vyanopropan-2-yl)(4-methoxybenzyl)amino)bu- 
t-2-yn-1-yl)oxy)benzonitrile (97b). Prepared according to 
General Procedure A, beginning with 4-(4-methoxyphenyl)-3-methylbutanenitrile 42c 
(47 mg, 0.25 mmol, 1.0 equiv), paraformaldehyde (30 mg, 1.0 equiv), and 2-(prop-2-yn-
1-yloxy)benzonitrile 96a (39 mg, 1.0 equiv). Purification by flash chromatography gave 
97b as a colorless oil (TLC, hexane: EtOAc, 3:2, Rf 0.65; 71 mg, 76% yield): IR (NaCl) 
2933, 2836, 2228, 1511, 1247 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.68 – 7.51 (m, 1H), 
7.19 (d, J = 8.1 Hz, 1H), 7.13 (dd, J = 8.6, 0.8 Hz, 0H), 7.07 (td, J = 7.6, 0.9 Hz, 0H), 
6.88 – 6.76 (m, 1H), 4.87 (t, J = 1.9 Hz, 1H), 3.79 (d, J = 2.2 Hz, 1H), 3.68 – 3.55 (m, 
1H), 3.34 (s, 1H), 3.24 (q, J = 6.6 Hz, 0H), 2.74 – 2.28 (m, 1H), 1.27 (s, 2H); 13C NMR 
(125 MHz, CDCl3) δ 159.1, 158.9, 134.1, 133.9, 129.9, 129.8 (2C), 121.6, 118.5, 116.2, 
113.8 (2C), 113.1, 102.6, 85.2, 78.8, 60.4, 56.9, 55.2, 53.8, 52.3, 38.8, 22.8, 16.9; HRMS 
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(ESI) m/z 396.1690  ([M+Na]+, 100%), calc’d for C23H23N3O2Na 396.1688. 
 
(R)-2-((5-((2-Cyanoethyl)(4-methoxybenzyl)amino)pent-3-yn-2-
yl)oxy)benzonitrile (97c). Prepared according to General Procedure 
A, beginning with p-methoxybenzyl aminonitrile 42b (44 mg, 0.23 
mmol, 1.0 equiv), paraformaldehyde (28 mg, 1.0 equiv), and (R)-2-
(but-3-yn-2-yloxy)benzonitrile 96b (34 mg, 1.0 equiv). Purification by flash 
chromatography gave 97c as a colorless oil (TLC, hexane: EtOAc, 3:2, Rf 0.81; 85 mg, 
90% yield): IR (NaCl) 2936, 2836, 2227,  1245 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.53 
(dd, J = 7.7, 1.7 Hz, 1H), 7.49 (ddd, J = 9.1, 7.6, 1.7 Hz, 1H), 7.12 (d, J = 8.5 Hz, 1H), 
7.09 (d, J = 8.2 Hz, 2H), 6.99 (td, J = 7.6, 0.9 Hz, 1H), 6.78 – 6.73 (m, 2H), 5.03 – 4.86 
(m, 1H), 3.72 (s, 3H), 3.43 (s, 2H), 3.28 (s, 2H), 2.68 (t, J = 6.1 Hz, 3H), 2.37 (t, J = 8.1 
Hz, 2H), 1.70 (d, J = 6.5 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 159.1, 133.9 (2C), 
133.9(2C), 130.1, 121.5, 116.3, 114.4(3C), 113.9(2C), 103.1, 65.2, 57.2, 55.3(3C), 48.6, 
41.5, 22.3, 16.8; HRMS (ESI) m/z 396.1694 ([M+Na]+, 100%), calc’d for C23H23N3O2Na 
396.1688.  
 
 3-((4-(2-cyanoethoxy)but-2-yn-1-yl)(4-
methoxybenzyl)amino)propanenitrile (94a). Prepared 
according to General Procedure A, beginning with p-
methoxybenzyl aminonitrile 42b (200 mg, 1.05 mmol, 1.0 equiv), paraformaldehyde (126 
mg, 1.0 equiv), and 3-(prop-2-yn-1-yloxy)propanenitrile 90 (115 mg, 1.0 equiv). 
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Purification by flash chromatography gave 94a as a colorless oil (TLC, hexane: EtOAc, 
3:2, Rf 0.31; 180 mg, 55% yield): IR (NaCl) 2921, 2849, 2249, 1511, 1247 cm-1; 1H 
NMR (400 MHz, CDCl3) δ 7.27 (d, J = 8.1 Hz, 3H), 6.86 (d, J = 8.7 Hz, 2H), 4.31 – 4.23 
(m, 2H), 3.80 (s, 2H), 3.78 – 3.73 (m, 3H), 3.62 (s, 2H), 3.42 (s, 2H), 2.87 (t, J = 6.9 Hz, 
2H), 2.65 (t, J = 6.3 Hz, 2H), 2.49 (t, J = 6.9 Hz, 2H); 13C NMR (125 MHz, CDCl3) δ 
159.0, 130.1 (2C), 129.5, 118.6, 117.7, 113.9 (2C), 81.4, 80.7, 64.2, 58.7, 57.3, 55.3, 
48.5, 41.7, 18.8, 16.9; HRMS (ESI) m/z 334.1540 ([M+Na]+, 100%), calc’d for 
C18H21N3O2Na 334.1531.  
 
2,9-Dibenzyl-1,2,3,4,7,8,9,10-octahydrodipyrido[4,3-c:3',4'-
e]pyridazine (32a). Prepared according to General Procedure C, 
beginning with bisnitrile 36a (25 mg, 0.067 mmol, 1.0 equiv) and 
CpCo(CO)2 (0.36 mL of premade stock solution of CpCo(CO)2 in chlorobenzene with the 
concentration of 10 mg/mL). Purification by flash chromatography gave 32a as a brown 
oil (TLC, DCM: MeOH, 20:1, Rf 0.38, 22 mg, 88% yield): IR (NaCl) 3060, 2915, 2805, 
1413, 738, 699 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.34 (d, J = 4.3 Hz, 8H), 7.32 – 7.27 
(m, 2H), 3.70 (s, 4H), 3.44 (s, 4H), 3.20 (t, J = 5.9 Hz, 4H), 2.81 (t, J = 5.9 Hz, 4H); 13C 
NMR (100 MHz, CDCl3) δ 154.9(2C), 137.6(2C), 130.7(2C), 128.8 (4C), 128.5(4C), 
127.4(2C), 62.3(2C), 50.9(2C), 49.3(2C), 30.2(2C); HRMS (ESI) m/z 371.2221 ([M+H]+, 
100%), calc’d for C24H27N4 371.2236. 
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2-Benzyl-9-tosyl-1,2,3,4,7,8,9,10-octahydrodipyrido[4,3-c:3',4'-
e]pyridazine (32b). Prepared according to General Procedure C, 
beginning with bisnitrile 36b (27 mg, 0.062 mmol, 1.0 equiv) and 
CpCo(CO)2 (0.22 mL of premade stock solution of CpCo(CO)2 in chlorobenzene with the 
concentration of 10 mg/mL). Purification by flash chromatography gave 32b as a brown 
oil (TLC, DCM: MeOH, 10:1, Rf  0.53, 20 mg, 41% yield): IR (NaCl) 2956, 2810, 1165 
cm-1; 1H NMR (500 MHz, CDCl3) δ 7.70 (d, J = 8.0 Hz, 2H), 7.35 (h, J = 8.0 Hz, 7H), 
4.07 (s, 2H), 3.74 (s, 2H), 3.49 (s, 2H), 3.44 (t, J = 5.9 Hz, 2H), 3.26 (t, J = 5.9 Hz, 2H), 
3.20 (t, J = 5.9 Hz, 2H), 2.82 (t, J = 5.9 Hz, 2H), 2.43 (s, 3H); 13C NMR (100 MHz, 
CDCl3) δ 144.3, 137.5, 135.2, 134.6, 130.0, 129.8, 128.7, 128.7, 128.5, 127.7, 127.6, 
127.6, 80.6, 78.0, 57.8, 48.6, 43.0, 41.7, 38.4, 21.5, 18.5, 16.9; HRMS (ESI) m/z 
435.1862 ([M+H]+, 100%), calc’d for C24H27N4O2S 435.1855. 
 
tert-Butyl 9-benzyl-3,4,7,8,9,10-hexahydrodipyrido[4,3-c:3',4'-
e]pyridazine-2(1H)-carboxylate (32c). Prepared according to 
General Procedure C, beginning with bisnitrile 36c (27 mg, 0.07 
mmol, 1.0 equiv) and CpCo(CO)2 (0.22 mL of premade stock solution of CpCo(CO)2 in 
chlorobenzene with the concentration of 12 mg/mL). Purification by flash 
chromatography gave 32c as a dark brown oil (TLC, DCM: MeOH, 20:1, Rf 0.24, 17 mg, 
63% yield): IR (NaCl) 2975, 2810, 1770, 1164 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.35 
(d, J = 4.7 Hz, 4H), 7.31 – 7.27 (m, 1H), 4.38 (s, 2H), 3.74-3.11 (overlap, 4H), 3.51 (s, 
2H), 3.24 (t, J = 5.9 Hz, 2H), 3.17 (t, J = 6.0 Hz, 2H), 2.86 (t, J = 6.0 Hz, 2H), 1.48 (s, 
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9H); 13C NMR (100 MHz, CDCl3) δ 155.5, 154.6, 154.3, 137.0, 130.8, 129.4, 128.9 (2C), 
128.5 (2C), 127.5, 80.7, 77.2, 62.5, 50.7, 49.5, 41.2, 30.2, 29.9, 28.4 (3C); HRMS (ESI) 
m/z 403.2102 ([M+Na]+, 100%), calc’d for C22H28N4O2Na 403.2110. 
 
 tert-Butyl 9-(4-methoxybenzyl)-3,4,7,8,9,10-
hexahydrodipyrido[4,3-c:3',4'-e]pyridazine-2(1H)-carboxylate 
(32d). Prepared according to General Procedure C, beginning with 
bisnitrile 36d (40 mg, 0.097 mmol, 1.0 equiv) and CpCo(CO)2 (0.27 mL of premade 
stock solution of CpCo(CO)2 in chlorobenzene with the concentration of 13 mg/mL). 
Purification by flash chromatography gave 32d as a brown oil (TLC, DCM: MeOH, 10:1, 
Rf 0.53, 20 mg, 50% yield): IR (NaCl) 2975, 2835, 2250, 1691, 726 cm-1; 1H NMR (500 
MHz, CDCl3) δ 7.24 (d, J = 8.2 Hz, 2H), 6.86 (d, J = 8.3 Hz, 2H), 4.36 (s, 2H), 3.79 (s, 
3H), 3.71 (t, J = 5.9 Hz, 2H), 3.65 (s, 2H), 3.46 (s, 2H), 3.21 (t, J = 5.9 Hz, 2H), 3.15 (t, J 
= 6.0 Hz, 2H), 2.82 (t, J = 5.9 Hz, 2H), 1.47 (s, 9H); 13C NMR (125 MHz, CDCl3) δ 
159.0, 155.6, 154.6, 154.3, 131.1, 130.1 (2C), 129.3, 113.9 (2C), 80.7, 61.9, 55.2, 53.4, 
50.6, 49.3, 41.2, 40.0, 30.3, 29.9, 28.3 (3C); HRMS (ESI) m/z 411.2406 ([M+H]+, 100%), 
calc’d for C23H31N4O3 411.2396. 
 
 2-(4-Methoxybenzyl)-9-tosyl-1,2,3,4,7,8,9,10-
octahydrodipyrido[4,3-c:3',4'-e]pyridazine (32e). Prepared 
according to General Procedure C, beginning with bisnitrile 36e (17 
mg, 0.071 mmol, 1.0 equiv) and CpCo(CO)2 (0.26 mL of premade stock solution of 
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CpCo(CO)2 in chlorobenzene with the concentration of 10 mg/mL). Purification by flash 
chromatography gave 32e as a brown oil (TLC, DCM: MeOH, 20:1, Rf 0.52, 7 mg, 41% 
yield): IR (NaCl) 2979, 2840, 1513, 1248, 1162 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.73 
– 7.66 (m, 2H), 7.37 – 7.30 (m, 2H), 7.28 – 7.24 (m, 2H), 6.94 – 6.86 (m, 2H), 4.07 (s, 
2H), 3.84 (s, 2H), 3.68 (s, 2H), 3.46 (s, 2H), 3.43 (t, J = 5.9 Hz, 2H), 3.25 (t, J = 5.9 Hz, 
2H), 3.19 (t, J = 5.9 Hz, 2H), 2.80 (t, J = 5.9 Hz, 2H), 2.43 (s, 3H); 13C NMR (125 MHz, 
CDCl3) δ 159.1, 155.7, 153.1, 144.3, 132.9, 130.9, 130.1, 130.0, 130.0, 129.3, 128.5, 
127.6, 114.3, 113.9, 111.8, 61.6, 55.3, 54.9, 50.7, 48.9, 43.1, 43.0, 31.1, 30.1, 29.7, 21.5; 
HRMS (ESI) m/z 465.1965 ([M+H]+, 100%), calc’d for C25H29N4O3S 465.1960. 
 
tert-Butyl 8-(4-methoxybenzyl)-1,3,6,7,8,9-hexahydro-2H-
pyrido[4,3-c]pyrrolo[3,4-e]pyridazine-2-carboxylate (32h). 
Prepared according to General Procedure C, beginning with 
bisnitrile 36h (35 mg, 0.088 mmol, 1.0 equiv) and CpCo(CO)2 (0.35 mL of premade 
stock solution of CpCo(CO)2 in chlorobenzene with the concentration of  9 mg/mL). 
Purification by flash chromatography gave 32h as a brown oil (TLC, DCM: MeOH, 20:1, 
Rf 0.22, 27 mg, 77% yield): IR (NaCl) 2974, 2834, 1699, 1393 cm-1; 1H NMR (500 MHz, 
CDCl3) δ 7.29 – 7.20 (m, 2H), 6.87 (t, J = 8.8 Hz, 2H), 4.83 (d, J = 28.3 Hz, 2H), 4.50 (d, 
J = 9.3 Hz, 2H), 3.80 (s, 3H), 3.66 (d, J = 7.5 Hz, 2H), 3.51 (d, J = 28.3 Hz, 2H), 3.25 (t, 
J = 5.9 Hz, 2H), 2.87 (q, J = 6.3 Hz, 2H), 1.50 (d, J = 2.2 Hz, 9H); 13C NMR (125 MHz, 
CDCl3) δ 159.1, 156.4, 154.3, 153.9, 131.9, 130.1, 130.0 (2C), 129.0, 113.9 (2C), 80.7, 
61.8, 55.3, 53.4, 51.2, 51.2, 49.8, 48.5, 30.1, 28.5, 28.4 (2C); HRMS (ESI) m/z 397.2253 
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([M+H]+, 100%), calc’d for C22H29N4O3 397.2240. 
 
2-Benzyl-8-(4-methoxybenzyl)-2,3,6,7,8,9-hexahydro-1H-
pyrido[4,3-c]pyrrolo[3,4-e]pyridazine (32i). Prepared according 
to General Procedure C, beginning with bisnitrile 36i (23 mg, 
0.060 mmol, 1.0 equiv) and CpCo(CO)2 (0.24 mL of premade stock solution of 
CpCo(CO)2 in chlorobenzene with the concentration of  9 mg/mL). Purification by flash 
chromatography gave product as brown oil (TLC, DCM: MeOH, 20:1, Rf 0.18, 16 mg, 
70% yield): IR (NaCl) 2929, 2831, 1511, 1247 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.38 
– 7.33 (m, 4H), 7.30 (ddt, J = 8.6, 5.4, 2.8 Hz, 1H), 7.26 – 7.22 (m, 2H), 6.92 – 6.82 (m, 
2H), 4.16 (s, 2H), 3.92 (s, 2H), 3.81 (s, 3H), 3.75 (s, 2H), 3.62 (s, 2H), 3.46 (s, 2H), 3.22 
(t, J = 5.9 Hz, 2H), 2.84 (t, J = 5.9 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 161.8, 158.9, 
156.0, 138.0, 134.9, 130.0 (2C), 129.4, 128.6 (2C), 128.6 (2C), 127.5, 113.8 (2C), 77.2, 
61.7, 59.9, 57.6, 55.3, 54.5, 53.4, 51.6, 49.7, 30.2; HRMS (ESI) m/z 387.2198 ([M+H]+, 
100%), calc’d for C24H27N4O 387.2185. 
 
 tert-Butyl 9-(4-methoxybenzyl)-1,1-dimethyl-3,4,7,8,9,10-
hexahydrodipyrido[4,3-c:3',4'-e]pyridazine-2(1H)-carboxylate 
(32l). Prepared according to General Procedure C, beginning with 
bisnitrile 36l (4 mg, 0.009 mmol, 1.0 equiv) and CpCo(CO)2 (0.1 mL of premade stock 
solution of CpCo(CO)2 in chlorobenzene with the  concentration of 10 mg/mL). 
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Purification by flash chromatography gave 32l as a brown oil (TLC, DCM: MeOH, 20:1, 
Rf  0.24, 0.6 mg, 15% yield): 1H NMR (400 MHz, CDCl3) δ 7.26 (d, J = 8.7 Hz, 2H), 
6.91 – 6.84 (m, 2H), 3.81 (d, J = 1.0 Hz, 3H), 3.71 – 3.66 (m, 2H), 3.65 (d, J = 5.4 Hz, 
4H), 3.32 (t, J = 6.3 Hz, 2H), 3.16 (t, J = 5.4 Hz, 2H), 2.89 (t, J = 6.3 Hz, 2H), 1.67 (s, 
6H), 1.49 (s, 9H). 
 
tert-Butyl 4,7-dihydro-1H-chromeno[3,4-c]pyrido[3,4-e]pyridazine-
2(3H)-carboxylate (94a). Prepared according to General Procedure C, 
beginning with bisnitrile 93a (18 mg, 0.053 mmol, 1.0 equiv) and 
CpCo(CO)2 (0.19 mL of premade stock solution of CpCo(CO)2 in 
chlorobenzene with the  concentration of 10 mg/mL). Purification by flash 
chromatography gave 94a as a brown oil (TLC, DCM: MeOH, 20:1, Rf 0.45, 14 mg, 77% 
yield): IR (NaCl) 2974, 2930, 1695, 1162 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.58 (d, , J 
= 8.6 Hz, 1H), 7.40 (t, J = 7.8 Hz, 1H), 7.16 – 7.05 (m, 2H), 5.26 (s, 2H), 4.91 (s, 2H), 
3.77 (t, J = 6.2 Hz, 2H), 3.35 (d, J = 6.2 Hz, 2H), 1.42 (d, J = 2.1 Hz, 91H); 13C NMR 
(125 MHz, CDCl3) δ 158.1, 157.2, 154.5, 152.5, 132.3, 129.3, 125.6, 122.7, 119.2, 118.4, 
80.8, 68.6, 43.8, 41.0, 30.5, 28.3 (3C); HRMS (ESI) m/z 340.1650 ([M+H]+, 100%), 
calc’d for C19H22N3O3 340.1661.  
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 2-Tosyl-2,3,4,7-tetrahydro-1H-chromeno[3,4-c]pyrido[3,4-
e]pyridazine (94b). Prepared according to General Procedure C, 
beginning with bisnitrile 93b (13 mg, 0.033 mmol, 1.0 equiv) and 
CpCo(CO)2 (0.12 mL of premade stock solution of CpCo(CO)2 in chlorobenzene with the 
concentration of 10 mg/mL). Purification by flash chromatography gave product as 
brown oil (TLC, DCM: MeOH, 20:1, Rf 0.52, 7 mg, 41% yield): IR (NaCl) 2856, 1166 
cm-1;  1H NMR (500 MHz, CDCl3) δ 7.72 – 7.67 (m, 2H), 7.49 – 7.42 (m, 2H), 7.35 – 
7.30 (m, 2H), 7.23 – 7.19 (m, 1H), 7.17 (dd, J = 8.2, 1.2 Hz, 1H), 5.28 (s, 2H), 4.62 (s, 
2H), 3.60 (t, J = 6.2 Hz, 2H), 3.35 (t, J = 6.2 Hz, 2H), 2.43 (s, 3H); 13C NMR (125 MHz, 
CDCl3) δ 157.4, 144.4, 133.3, 132.6, 130.0 (3C), 128.7, 127.5 (3C), 122.8, 118.9, 118.7, 
110.0, 68.5, 53.4, 46.1, 43.1, 30.1, 21.6; HRMS (ESI) m/z 394.1237 ([M+H]+, 100%), 
calc’d for C21H20N3O3S 394.1225.  
 
4,7-Dihydro-1H,3H-chromeno[3,4-c]pyrano[3,4-e]pyridazine (94c). 
Prepared according to General Procedure C, beginning with bisnitrile 
93c (17 mg, 0.071 mmol, 1.0 equiv) and CpCo(CO)2 (0.26 mL of 
premade stock solution of CpCo(CO)2 in chlorobenzene with the concentration of 10 
mg/mL). Purification by flash chromatography gave 94c as a brown oil (TLC, DCM: 
MeOH, 20:1, Rf 0.52, 7 mg, 41% yield): IR (NaCl) 2856, 1401, 1116 cm-1;  1H NMR 
(500 MHz, CDCl3) δ 7.42 (td, J = 7.8, 1.5 Hz, 1H), 7.35 (dd, J = 7.9, 1.5 Hz, 1H), 7.18 – 
7.11 (m, 2H), 5.33 (s, 2H), 5.06 (s, 2H), 4.17 (t, J = 6.0 Hz, 2H), 3.34 (t, J = 6.0 Hz, 2H); 
13C NMR (100 MHz, CDCl3) δ 156.9, 152.1, 132.3, 131.9, 129.0, 128.4, 122.6, 119.1, 
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118.5, 110.0, 68.5, 66.5, 65.2, 29.8; HRMS (ESI) m/z 241.0977 ([M+H]+, 100%), calc’d 
for C14H13N2O2 241.0977.  
 
 1,2,3,6-Tetrahydrochromeno[3,4-c]cyclopenta[e]pyridazine (94d). 
Prepared according to General Procedure C, beginning with bisnitrile 
93d (25 mg, 0.111 mmol, 1.0 equiv) and CpCo(CO)2 (0.4 mL of 
premade stock solution of CpCo(CO)2 in chlorobenzene with the  concentration of 10 
mg/mL). Purification by flash chromatography gave 94d as a pink solid (TLC, DCM: 
MeOH, 20:1, Rf 0.45, 14 mg, 54% yield): IR (NaCl) 3080, 2958, 1461, 767 cm-1; 1H 
NMR (500 MHz, CDCl3) δ 7.68 (dd, J = 7.9, 1.5 Hz, 1H), 7.37 (td, J = 7.8, 7.3, 1.5 Hz, 
1H), 7.11 (td, J = 7.6, 1.1 Hz, 1H), 7.06 (dd, J = 8.2, 1.1 Hz, 1H), 5.34 (s, 2H), 3.27 (t, J 
= 7.6 Hz, 2H), 3.23 (t, J = 7.9 Hz, 2H), 2.21 (p, J = 7.7 Hz, 2H); 13C NMR (125 MHz, 
CDCl3) δ 169.3, 156.4, 150.9, 134.9, 132.0, 128.0, 125.3, 122.5, 119.6, 118.1, 68.3, 32.2, 
31.6, 22.8; HRMS (ESI) m/z 225.1039 ([M+H]+, 100%), calc’d for C14H13N2O 225.1028.  
 
3-(4-Methoxybenzyl)-2,3,4,5-tetrahydro-1H-chromeno[4,3-
c]pyrido[3,4-e]pyridazine (98a). Prepared according to General 
Procedure C, beginning with bisnitrile 97a (25 mg, 0.111 mmol, 1.0 
equiv) and CpCo(CO)2 (0.4 mL of premade stock solution of 
CpCo(CO)2 in chlorobenzene with the  concentration of 10 mg/mL). Purification by flash 
chromatography gave 98a as a brown oil (TLC, DCM: MeOH, 20:1, Rf 0.45, 14 mg, 54% 
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yield): IR (NaCl) 2998, 2834, 1654, 1151, 1248 cm-1; 1H NMR (500 MHz, CDCl3) δ 8.45 
(dd, J = 7.8, 1.6 Hz, 1H), 7.38 – 7.31 (m, 1H), 7.30 – 7.26 (m, 2H), 7.13 (td, J = 7.6, 1.1 
Hz, 1H), 6.95 (d, J = 8.2 Hz, 1H), 6.92 – 6.88 (m, 2H), 5.07 (s, 2H), 3.82 (s, 3H), 3.69 (s, 
2H), 3.53 (s, 2H), 3.27 (t, J = 5.9 Hz, 2H), 2.87 (t, J = 5.9 Hz, 2H); 13C NMR (100 MHz, 
CDCl3) δ 159.1, 156.9, 155.5, 147.9, 131.9, 130.1 (2C), 129.3, 129.2, 126.1, 124.8, 
122.8, 120.2, 117.1, 113.9 (2C), 62.9, 61.8, 55.3, 50.6, 49.3, 30.5; HRMS (ESI) m/z 
360.1720 ([M+H]+, 100%), calc’d for C22H22N3O2 360.1712.  
 
 3-(4-methoxybenzyl)-2-methyl-2,3,4,5-tetrahydro-1H-
chromeno[4,3-c]pyrido[3,4-e]pyridazine (98b). Prepared 
according to General Procedure C, beginning with bisnitrile 97b (20 
mg, 0.054 mmol, 1.0 equiv) and CpCo(CO)2 (0.19 mL of premade 
stock solution of CpCo(CO)2 in chlorobenzene with the  concentration of 10 mg/mL). 
Purification by flash chromatography gave 98b as a brown oil (TLC, DCM: MeOH, 20:1, 
Rf 0.43, 15 mg, 74% yield): IR (NaCl) 2965, 2931, 2837, 1609, 1512, 1248 cm-1;  1H 
NMR (500 MHz, CDCl3) δ 8.38 (dd, J = 7.8, 1.7 Hz, 1H), 7.28 (ddd, J = 8.4, 7.4, 1.7 Hz, 
1H), 7.21 (d, J = 8.1 Hz, 2H), 7.06 (td, J = 7.6, 1.1 Hz, 1H), 6.87 (dd, J = 8.2, 1.1 Hz, 
1H), 6.84 – 6.79 (m, 2H), 4.96 (d, J = 1.7 Hz, 2H), 3.75 (s, 4H), 3.72 (s, 1H), 3.54 (d, J = 
39.7 Hz, 3H), 3.41 – 3.21 (m, 2H), 3.00 (d, J = 17.0 Hz, 1H); 13C NMR (100 MHz, 
CDCl3) δ 158.9, 156.6, 155.4, 147.9, 131.9, 130.1, 129.8 (2C), 128.8, 126.0, 124.7, 
122.7, 120.2, 117.0, 113.9 (2C), 62.9, 57.1, 55.3, 51.1, 46.1, 36.9, 13.8. 
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   (R)-3-(4-Methoxybenzyl)-5-methyl-2,3,4,5-tetrahydro-1H-
chromeno[4,3-c]pyrido[3,4-e]pyridazine (98c). Prepared according 
to General Procedure C, beginning with bisnitrile 97c (44 mg, 0.12 
mmol, 1.0 equiv) and CpCo(CO)2 (0.12 mL of premade stock 
solution of CpCo(CO)2 in chlorobenzene with the  concentration of 35 mg/mL). 
Purification by flash chromatography gave 98c as a brown oil (TLC, DCM: MeOH, 40:1, 
Rf 0.78, 40 mg, 91% yield): IR(NaCl) 3048, 2832, 1511, 1246 cm-1; 1H NMR (500 MHz, 
CDCl3) δ 8.47 (dd, J = 7.8, 1.6 Hz, 1H), 7.35 (ddd, J = 8.5, 7.4, 1.6 Hz, 1H), 7.28 (d, J = 
8.5 Hz, 2H), 7.14 – 7.09 (m, 1H), 6.94 (dd, J = 8.2, 1.0 Hz, 1H), 6.91 – 6.87 (m, 2H), 
5.39 (q, J = 6.7 Hz, 1H), 3.82 (s, 3H), 3.68 (d, J = 3.9 Hz, 2H), 3.39 (d, J = 16.2 Hz, 1H), 
3.26 (t, J = 6.1 Hz, 2H), 2.92 (dt, J = 11.3, 5.5 Hz, 1H), 2.79 (dt, J = 12.0, 6.1 Hz, 1H), 
1.38 (d, J = 6.7 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 159.0, 156.8, 153.1, 146.9, 
132.0, 130.1 (3C), 129.3, 124.6, 122.4, 119.7, 118.0, 113.9 (3C), 68.7, 61.7, 55.3, 50.5, 
49.3, 30.5, 19.0; HRMS (ESI) m/z 374.1860 ([M+H]+, 100%), calc’d for C23H24N3O2 
374.1869.  
 
N-Cyclohexyl-8-(4-methoxybenzyl)-1,3,6,7,8,9-
hexahydro-2H-pyrido[4,3-c]pyrrolo[3,4-e]pyridazine-2-
carboxamide (83). To a solution of 1, 2 diazine 32h (22.0 
mg, 0.056 mmol) in acetonitrile (0.56 mL), TMSI (0.0223 g, 2 equiv) was added at 0 °C. 
The solution was stirred under an argon atmosphere at 0°C. After completion of the 
reaction (30 min), NaHCO 3 (aq) (1.11 mL) was added, and the solution was stirred for 30 
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minutes at rt. The resulting solution was extracted with DCM (3 x 10 mL). The combined 
organic layers were washed once with saturated brine and dried over sodium sulfate, 
filtered, and the solvent was removed in vacuo. The residue was purified by flash 
chromatography on silica gel to yield the deprotected 1,2 diazine (TLC, DCM: MeOH, 
5:1, Rf 0.28; 14.3 mg, 87% yield): 1H NMR (400 MHz, CDCl3) δ: 7.21 (d, J = 7.4, 2H), 
6.83 (d, J = 7.4, 2H), 4.36 (s, 2H), 4.07 (s, 2H), 3.76 (s, 3H), 3.61 (s, 2H), 3.47 (s, 2H), 
3.19 (dd, J = 3.9, 3.0 Hz, 2H), 2.82 (dd, J = 3.9, 3.0 Hz, 2H). The solution of the resulting 
deprotected 1,2 diazine (10.7 mg, 0.036 mmol) in DCM (2.14 mL) was prepared, 
followed by addition of cyclohexylisocyanate (4.98 mg, 1.1 equiv). The solution was 
stirred at 65 oC for 4 hours. PS-Trisamine (1.0 equiv, 8.1 mg, 4.46 mmol/g) was then 
added, and the solution was stirred at 50 oC for 12 hours. The PS-trisamine resin was 
removed through filtration. The solvent was removed in vacuo, and the residue was 
purified by flash chromatography to yield the urea (TLC, DCM: MeOH, 20:1; 15.2 mg, 
88% yield): 13C NMR (100 MHz, CDCl3) δ: 159.20, 158.69, 155.63, 132.35, 130.34, 
113.98, 61.65, 55.30, 51.09, 50.44, 49.62, 49.50, 48.71, 34.05, 29.88, 29.71, 25.57, 25.05. 
 
4.2.2 Chapter 3 Experimental 
General Procedure A. Diels-Alder reaction of arynes and 1,2,4-triazine.202,248 2-
(Trimethylsilyl)phenyl trifluoromethanesulfonate (3.0 equiv) was added to the solution of 
triazine (40 mg, 1.0 equiv) and CsF (3.0 equiv) in anhydrous ACN (1 mL) at rt under N2 
protection. The reaction mixture was heated to 80 °C and stirred for 4 h. After the 
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reaction was done, the mixture was filtered by a short silica plug and the solvent was 
removed in vacuo, and the residue was purified by flash column chromatography. 
General Procedure B. Microwave promoted Liebeskind–Srogl Cross Couplings 
of 3-thiomethyl-1,2,4-triazines with boronic acid.249 The mixture of triazine (30 mg, 
1.0 equiv), boronic acid (2.0 equiv), CuTc (2.0 equiv), Pd(PPh3)4 (0.2 equiv) in 
anhydrous THF was sealed in a CEM microwave tube and purged with N2. The mixture 
was irradiated under microwave at 180 °C for 2 h (300W). After filtration, the solvent 
was removed in vacuo, and the residue was purified by flash column chromatography. 
Dimethyl 3-(methylthio)-1,2,4-triazine-5,6-dicarboxylate (60a). 
A mixture of dimethyl L-tartrate (5.0 g, 28.1 mmol, 1.0 equiv) and NBS 
(12.0 g, 70.2 mmol, 2.5 equiv) in CCl4 (50 mL) was warmed to 70 oC 
for 3 h. After careful removal of bromine under reduced pressure, the solvent was 
evaporated in vacuo. The residue was dissolved in anhydrous MeOH (50 mL), followed 
by addition of s-methylisothiosemicarbazide hydrogen iodide salt (6.5 g, 27.9 mmol, 1.0 
equiv). The resulting mixture was stirred at 50 oC overnight and quenched with aqueous 
NaHCO3. The mixture was diluted with H2O (100 mL) and extracted with EtOAc (3 x 
100 mL). The combined organic layers were washed with H2O and brine, then dried over 
Na2SO4. After filtration, the solvent was removed in vacuo, and the residue was purified 
by flash column chromatography on silica gel (20% ethyl acetate/hexanes) affording a 
yellow solid, which was crystallized with EtOAc and pet ether giving triazine 60a as a 
bright yellow crystals (TLC, hexanes: EtOAc, 6:1, Rf  0.23; 2.0 g, 29%): IR (NaCl) 1750, 
1733, 1506, 1436, 1219, 1189, 1088, 1045, 779 cm-1; 1H NMR (400 MHz, CDCl3) δ 
N
N
N
SMe
CO2Me
CO2Me
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3.90(s, 3H), 3.88 (s, 3H), 2.58 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 176.3, 163.3, 
162.9, 149.3, 142.9, 53.7, 53.6, 14.1;  HRMS (ESI) m/z 244.0404 ([M+H]+, 100%), 
calc’d for C8H10N3O4S 244.0392.  
 
5,6-Dimethyl-3-(methylthio)-1,2,4-triazine (60c). To a well stirred 
mixture of 2,3-butanedione (0.11 mL, 1.0 equiv) and NaHCO3 (109 mg, 
1.0 equiv) in MeOH (10 mL) was added dropwise of s-
methylisothiosemicarbazide hydrogen iodide salt (300 mg, 1.3 mmol, 1.0 equiv) in H2O 
(2 mL) over 20 min. After the completion of addition, the reaction mixture was warmed 
to rt and stirred overnight. MeOH was removed in vacuo and 10 mL H2O to the residue. 
The mixture was extracted with DCM (3 x 10 mL), then dried over Na2SO4. After 
filtration, the solvent was removed in vacuo, and the residue was purified by flash 
column chromatography giving triazine 60c as a light yellow oil (TLC, hexanes: EtOAc, 
4:1, Rf  0.43; 200 mg, 99%).): 1H NMR (500 MHz, CDCl3) δ 2.63 (d, J = 4.6 Hz, 3H), 
2.59 (d, J = 4.8 Hz, 3H), 2.46 (d, J = 4.7 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 170.8, 
158.4, 153.3, 21.6, 19.0, 13.7; HRMS (ESI) m/z 156.0587 ([M+H]+, 100%), calc’d for 
C6H10N3S 156.0595.  
 
 3-(Methylthio)-1,2,4-triazine (60d). A solution of s-
methylisothiosemicarbazide hydrogen iodide salt (1.5 g, 6.4 mmol, 1.0 
equiv) in H2O was added to an aqueous solution of 40% glyoxal (0.9 mL, 1.2 
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equiv) and NaHCO3 (0.6 g, 1.1 equiv) at 5 °C and stirred for 6 h. The resulting mixture 
was extracted with DCM (3 x 10 mL), then dried over Na2SO4. After filtration, the 
solvent was removed in vacuo, and the residue was purified by flash column 
chromatography on silica gel (20% ethyl acetate/hexanes) affording 60d as a yellow 
liquid-solid (0.80 g, 98%). 1H NMR (500 MHz, CDCl3) δ 8.93 (d, J = 2.4 Hz, 1H), 8.37 
(d, J = 2.4 Hz, 1H), 2.67 (s, 3H). 13C NMR (125 MHz, CDCl3) δ 174.4, 148.1, 145.2, 
13.7; HRMS (ESI) m/z 128.0288 ([M+H]+, 100%), calc’d for C4H6N3S 128.0282.  
 
 3-(Methylthio)-5,6-diphenyl-1,2,4-triazine (60e). A solution of s-
methylisothiosemicarbazide hydrogen iodide salt (1.5g, 6.4 mmol, 1.0 equiv) 
in H2O was added to benzyl (1.61 g, 1.2 equiv) and NaHCO3 (0.6 g, 1.1 
equiv) at rt and stirred for 6h. The resulting mixture was extracted with DCM (3 x 10 
mL), then dried over Na2SO4. After filtration, the solvent was removed in vacuo, and the 
residue was purified by flash column chromatography on silica gel (20% ethyl 
acetate/hexanes) affording 60e as yellow solid (1.6 g, 91% yield): 1H NMR (500 MHz, 
CDCl3) δ 7.57 – 7.54 (m, 2H), 7.53 – 7.50 (m, 2H), 7.46 – 7.29 (m, 7H), 2.76 (s, 3H); 13C 
NMR (125 MHz, CDCl3) δ 171.1, 155.3, 153.6, 135.3, 135.3, 130.8, 129.8 (2C), 129.3, 
129.3 (2C), 128.6 (2C), 128.5 (2C), 13.9; HRMS (ESI) m/z 280.0914 ([M+H]+, 100%), 
calc’d for C16H14N3S 280.0908.  
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 3-Chloro-5,6-diphenyl-1,2,4-triazine (60h). POCl3 (1.2 mL, 6.3 equiv) 
was added dropwise to the solution of 5,6-diphenyl-1,2,4-triazin-3-ol (500 
mg, 2.0 mmol, 1.0 equiv) in PhNMe2 (1 mL) at rt then heated to 90 °C for 4 
h. The reaction was cooled to rt and petroleum ether was added to observe the separation 
of two layers. The bottom layer was discarded and the organic was washed with H2O. 
The solvent was removed in vacuo, and the residue was purified by flash column 
chromatography on silica gel (1:50 ethyl acetate/hexanes) affording 60h as a white solid 
(100 mg, 98%). HRMS (ESI) m/z 268.0647 ([M+H]+, 100%), calc’d for C15H11N3Cl 
268.0642.  
 
 5,6-Diphenyl-3-tosyl-1,2,4-triazine (60i). A mixture of 3-chloro-
5,6-diphenyl-1,2,4-triazine (50 mg, 0.187 mmol, 1.0 equiv) and 
sodium p-toluenesulfinate (40 mg, 1.2 equiv) in DMF (0.5 mL) was 
heated to 50°C for 1.5 h. Then the mixture was poured into H2O (2 
mL) and the precipitate was collected by filtration and washed with H2O. The crude was 
purified by flash column chromatography on silica gel (1:20 ethyl acetate/hexanes) 
affording 60i as a white solid (64 mg, 88% yield). HRMS (ESI) m/z 410.0927 ([M+Na]+, 
100%), calc’d for C22H17N3O2SNa 410.0939.  
 
 3-(Methylsulfinyl)-1,2,4-triazine (46f). m-CPBA (217 mg, 2.0 equiv) in 
DCM (2.5 mL) was added to the solution of 3-thiomethyl-1,2,4-triazine (80 
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mg, 0.63 mmol, 1.0 equiv) in DCM (2.5 mL) at -40 °C and stirred for 5 h. The resulting 
mixture was filtered and concentrated under reduced pressure. The crude was purified by 
flash column chromatography affording 46f as a yellow oil (TLC, hexane: EtOAc, 1:1, Rf 
0.32, 32 mg, 36% yield):   1H NMR (400 MHz, CDCl3) δ 9.39 (d, J = 2.4 Hz, 1H), 8.85 
(d, J = 2.4 Hz, 1H), 3.08 (s, 4H). 
 
 3-(Methylsulfonyl)-1,2,4-triazine (46g). m-CPBA (809 mg, 2.3 equiv) in 
DCM (5.0 mL) was added to the solution of 3-thiomethyl-1,2,4-triaizne (200 
mg, 1.57 mmol, 1.0 equiv) in DCM (5.0 mL) at rt and stirred for 6 h. The 
resulting mixture was filtered and concentrated under reduced pressure. The crude was 
purified by flash column chromatography affording 46g as a sticky yellow oil (sticky 
yellow oil, TLC, hexane: EtOAc, 1:1, Rf 0.12, 60 mg, 24% yield yield):  1H NMR (400 
MHz, CDCl3) δ 9.51 (d, J = 2.4 Hz, 1H), 8.91 (d, J = 2.4 Hz, 1H), 3.51 (d, J = 0.8 Hz, 
3H). 
 
3-(4-Methoxyphenyl)-1,2,4-triazine (60’j). Prepared according to General 
Procedure B. The mixture of triazine (30 mg, 0.236 mmol, 1.0 equiv), boronic 
acid (72mg, 2.0 equiv), CuTc (91 mg, 2.0 equiv), Pd(PPh3)4 (55 mg, 0.2 equiv) 
in anhydrous THF (3 mL)  was sealed in a CEM microwave tube and purged 
with N2. The mixture was irradiated under microwave at 180 °C for 2 h (300 W). After 
filtration, the solvent was removed in vacuo, and the residue was purified by flash 
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column chromatography affording the product (yellow solid, TLC, hexane: EtOAc, 5:1, 
Rf 0.62, 4 mg, 9 % yield): 1H NMR (500 MHz, CDCl3) δ 9.10 (d, J = 2.4 Hz, 1H), 8.61 
(d, J = 2.4 Hz, 1H), 8.53 – 8.47 (m, 2H), 7.07 – 7.01 (m, 2H), 3.90 (s, 3H). 
 
Dimethyl 3-phenyl-1,2,4-triazine-5,6-dicarboxylate (60’f). 
Prepared according to General Procedure B. The mixture of triazine (30 
mg, 0.123 mmol, 1.0 equiv), boronic acid (30 mg, 2.0 equiv), CuTc (47 
mg, 2.0 equiv), Pd(PPh3)4 (29 mg, 0.2 equiv) in anhydrous THF (3 mL) 
was sealed in a CEM microwave tube and purged with N2. The mixture was irradiated 
under microwave at 180 °C for 2 h (300 W). After filtration, the solvent was removed in 
vacuo, and the residue was purified by flash column chromatography affording the 
product (light yellow solid, TLC, hexane: EtOAc, 4:1, Rf 0.42, 14 mg, 42 % yield): 1H 
NMR (500 MHz, CDCl3) δ 8.65 – 8.58 (m, 2H), 7.89 (dd, J = 3.8, 1.2 Hz, 1H), 7.65 – 
7.61 (m, 2H), 7.59 – 7.54 (m, 2H), 7.14 (dd, J = 4.9, 3.7 Hz, 1H), 4.10 (s, 3H), 4.08 (s, 
3H). 
 
 (E)-1-(2-nitrovinyl)isoquinoline (118). Nitromethane (0.17 mL, 10 equiv) 
was added to the solution of 1-carbaldehyde isoquinoline (50 mg, 0.318 
mmol, 1.0 equiv) in diethylamine (0.26 mL) at 0 °C and stirred for 1 h. 
Acetic anhydride (0.3 mL, 10 equiv) was added to the resulting solution and stirred for 15 
min, following the addition of pyridine (77 µL, 3.0 equiv). The solution was allowed to 
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warm to rt and stir for 14 h. The residue was purified by flash column chromatography 
affording the product (light yellow solid, TLC, hexane: EtOAc, 4:1, Rf 0.92, 23 mg, 36 % 
yield):  1H NMR (500 MHz, CDCl3) δ 8.80 (d, J = 12.8 Hz, 1H), 8.62 (d, J = 5.5 Hz, 1H), 
8.29 (d, J = 8.2 Hz, 1H), 8.22 (d, J = 12.8 Hz, 1H), 7.92 (d, J = 7.2 Hz, 1H), 7.82 – 7.72 
(m, 3H). 
 
 Pyrazolo[5,1-a]isoquinoline (119). The solution of (E)-1-(2-
nitrovinyl)isoquinoline (118) (12 mg, 0.06 mmol, 1.0 equiv) in P(OEt)3 
(0.6 mL) was refluxed overnight. The residue was purified by flash column 
chromatography affording the product (yellow solid, TLC, hexane: EtOAc, 4:1, Rf 0.55, 5 
mg, 49% yield):   (ESI) m/z 169.0759  ([M+H]+, 100%), calc’d for C11H9N2 169.0766.  
 
 1-Chloro-3,4-diphenylisoquinoline (61h). Prepared according to 
General General Procedure A. 2-(Trimethylsilyl)phenyl 
trifluoromethanesulfonate (90 µL, 3.0 equiv) was added to the solution 
of 3-chloro-5,6-diphenyl-1,2,4-triazine (30 mg, 0.11 mmol, 1.0 equiv) and CsF (56 mg, 
3.0 equiv) in anhydrous ACN (1 mL) at rt under N2 protection. Purification by flash 
column chromatography on silica gel affording the product (light yellow solid, TLC, 
hexane: EtOAc, 4:1, Rf 0.32, 20 mg, 58 % yield): HRMS (ESI) m/z 316.0892 ([M+H]+, 
100%), calc’d for C21H15ClN 316.0893.  
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Dimethyl 1-(methylthio)isoquinoline-3,4-dicarboxylate 
(61a). Prepared according to General General Procedure A. 2-
(Trimethylsilyl)phenyl trifluoromethanesulfonate (90 µL, 3.0 equiv) 
was added to the solution of dimethyl 3-thiomethyl-1,2,4-triazine-5,6-dicarboxylate (30 
mg, 0.12 mmol, 1.0 equiv) and CsF (57 mg, 3.0 equiv) in anhydrous ACN (1 mL) at rt 
under N2 protection. Purification by flash column chromatography on silica gel affording 
the product (light yellow solid, TLC, hexane: EtOAc, 4:1, Rf 0.32, 20 mg, 58 % yield): 
HRMS (ESI) m/z 292.0655 ([M+H]+, 100%), calc’d for C14H14NO4S 292.0644.  
 
Dimethyl 1-phenylisoquinoline-3,4-dicarboxylate (61’f). 
Prepared according to General General Procedure A. 2-
(Trimethylsilyl)phenyl trifluoromethanesulfonate (80 µL, 3.0 equiv) 
was added to the solution of dimethyl 3-phenyl-1,2,4-triazine-5,6-dicarboxylate (30 mg, 
0.11 mmol, 1.0 equiv) and CsF (50 mg, 3.0 equiv) in anhydrous ACN (1 mL) at rt under 
N2 protection. Purification by flash column chromatography on silica gel affording the 
product (yellow oil, TLC, hexane: EtOAc, 4:1, Rf 0.32, 21 mg, 60% yield):  1H NMR 
(500 MHz, CDCl3) δ 8.18 (d, J = 8.4 Hz, 1H), 8.01 (d, J = 8.5 Hz, 1H), 7.83 (ddd, J = 
8.4, 6.8, 1.1 Hz, 1H), 7.70 (td, J = 6.2, 5.7, 3.3 Hz, 3H), 7.58 – 7.51 (m, 3H), 4.12 (s, 
3H), 4.03 (s, 3H); 13C NMR (125 MHz, CDCl3) δ 168.1, 166.0, 162.1, 138.3, 138.0, 
133.6, 131.6, 130.1 (2C), 129.6, 129.3, 128.5 (2C), 128.1, 127.6, 127.5, 125.5, 53.2, 53.2; 
HRMS (ESI) m/z 344.0890 ([M+Na]+, 100%), calc’d for C19H15NO4Na 344.0899.  
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 N-(2-(isoquinolin-1-yl)phenyl)acetamide (121a). 2-
Acetamidophenylboronic acid pinacol ester (123 mg, 1.2 equiv) 
in EtOH/H2O (0.75 mL/0.75 mL)was added the 
iodoisoquinoline (100 mg, 1.0 equiv, 0.392 mmol), Pd(PPh3)4 (23 mg, 0.05 equiv) and 
Na2CO3 (83 mg, 2.0 equiv) in DME (1.5 mL) with N2 protection at rt. The reaction 
mixture was heated to reflux for 8 h. The reaction mixture was cooled to rt and 
concentrated under reduced pressure. The residue was diluted with H2O and extracted 
with EtOAc, then dried over Na2SO4. After filtration, the solvent was removed in vacuo, 
and the residue was purified by flash column chromatography on silica gel affording the 
product  (light yellow foam solid, TLC, hexane: EtOAc, 3:1, Rf 0.22, 70 mg, 68% yield):   
1H NMR (500 MHz, CDCl3) δ 9.50 (s, 1H), 8.57 (d, J = 5.7 Hz, 1H), 8.36 (d, J = 8.2 Hz, 
1H), 8.04 (d, J = 8.6 Hz, 1H), 7.93 – 7.86 (m, 1H), 7.73 (ddd, J = 8.1, 6.8, 1.1 Hz, 1H), 
7.69 (d, J = 5.7 Hz, 1H), 7.56 (ddd, J = 8.4, 6.9, 1.2 Hz, 1H), 7.48 (td, J = 7.9, 1.5 Hz, 
1H), 7.44 (dd, J = 7.8, 1.6 Hz, 1H), 7.23 (t, J = 7.5 Hz, 1H), 1.98 (s, 3H);  13C NMR (125 
MHz, CDCl3) δ 168.2, 158.7, 141.1, 137.5, 136.2, 132.1, 131.5, 130.6, 129.6, 128.5, 
127.7, 127.3, 127.1, 123.3, 123.0, 120.5, 24.7; HRMS (ESI) m/z 263.1178 ([M+H]+, 
100%), calc’d for C17H15N2O 263.1184.  
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